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Abstract 
 
Large-scale bread bakeries generally exist as ‘Islands of Control’ – a long line of 
processes interrelated, but not interconnected in terms of their control systems.  To 
successfully implement a control system that encompasses the entire bakery, much 
information must be gathered and processed in such a form that process and control 
engineers can deduce control algorithms. 
 
This project involved the instrumentation of an entire bakery with a view to 
providing production reports that merge the processes.  New methods of tracking 
products through the entire process were investigated and tested.  Methods were also 
proposed and tested to log temperature/humidities of various bakery processes and 
align with products passing through to produce a loaf/time/temperature profile. 
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Chapter 1 – Introduction 
 
A bakery is not the most obvious example of a Mechatronic system.  In its usual 
form a bread bakery is simply a series of processes that are unrelated in terms of 
control.  Bakery operators oversee their section of production and use predetermined 
empirical settings for the process.  Adding instrumentation to each process and 
deducing advanced control algorithms will improve operation.  However each 
process still operates on its own, with no information from other parts of the bakery. 
 
If information from every process is combined into one main computing centre, a 
step towards a mechatronic system is achieved.  The information must then be 
processed in an intelligent way that integrates effects from all baking processes.  
Once control strategies are implemented using the processed data, all the 
requirements to create a mechatronic system are satisfied. 
 
Using information gathered from all parts of the bakery, this project aimed to 
produce information of use to bakery operators that cannot currently be obtained.  
This included calculating weight loss information, developing product following 
techniques and producing summary reports showing general production information 
for the production managers. 
 
Rather than focusing on one aspect of the baking process, this project seeks to gain a 
better overall understanding of techniques that may be applied to better control the 
overall process.  Several of these techniques were developed and applied in a bakery, 
providing information that was not previously available to production managers.  As 
a result, many projects focusing on smaller aspects of bakery control will also be 
defined. 
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1.1  Achievements of this Project 
The architecture for a complete bakery control system has been developed and 
implemented.  This system gathers data from all parts of the bakery and combines it 
in one central computer. 
 
Several methods of product following were developed and tested.  These methods 
enable the production staff to know where different product types are in the system.  
Additionally, this allows various bakery process values to be set in preparation for an 
imminent product change. 
 
Techniques to calculate the weight loss of loaves were developed.  These used the 
product following methods as well as additional mathematical techniques.  During 
this process some shortcomings in the bakery processes were identified. 
 
A major achievement was to determine the actual temperature experienced by loaves 
passing through the oven.  This was achieved by using sensors placed throughout the 
oven and correlating these with temperatures experienced by a sensor travelling 
through the oven like a loaf of bread. 
 
Further work aimed to correlate loaf temperature history to weight loss.  This was 
approximately achieved in certain cases. 
 
Using the complete bakery data acquisition system, as well as the techniques 
developed above, the creation of daily production reports was achieved. These give 
the production managers access to baking process data that had not been available 
before.    
1.2  Baking Bread 
A large bread bakery may produce thirty to sixty thousand or more loaves of bread 
per day. These may include up to thirty different varieties, each requiring different 
ingredients and baking conditions. Total production time for each individual loaf is 
in the order of three hours. 
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Large bakeries generally use the Rapid Dough method of baking bread.  This method 
is shown in Figure 1.1.  There are thirteen separate processes that the bread must pass 
through.  Bread baking involves manipulating a living organism - the yeast in the 
dough.  If the cultures are treated incorrectly in any of these processes, there may be 
adverse effects on the resulting product. 
 
 
Figure 1.1: Rapid Dough Method of Baking Bread 
Producing bread in large-scale bakeries using the Rapid Dough Method is not a 
simple, straightforward task. Assuming the dough has been mixed properly and 
suitable ingredients have been used, there is still a multitude of other problems that 
may occur. 
 
Control systems found in large bakeries generally involve simple direct control of 
processes.  Set-points for products are not necessarily optimised and few other 
factors are taken into account. 
 
1.3  Problems Faced by Bakeries 
1.3.1 Loaf Weights 
The weight of loaves is one of the major issues confronting bakeries.  Generally, 
loaves are packaged into bags that have the loaf weight pre-marked on them.  
Legally, a bakery is required to ensure that any loaf may be no less than 5% below 
nominal weight.  Also, the average of any 12 loaves picked at random  may not be 
below nominal. 
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1.3.2 Consistent Loaf Quality 
Another major issue for bakeries is maintaining product quality.  There is significant 
variation in the quality of loaves.  This could be due to a plethora of different factors, 
and these must be isolated to determine the cause. 
 
A loaf’s quality is determined by observing several factors including the colour of 
the crust, the texture of the crumb, the shape, size and of course, flavour.  These are 
discussed more thoroughly in 0. 
 
A picture of a slice of bread with the crust and crumb labelled is shown in Figure 1.2. 
 
 
Figure 1.2: Sample slice of bread 
 
1.4  Improvements Possible using a Complete Control 
Solution 
There are many possible advantages to be gained by developing a complete control 
system for a large-scale bakery.  Here, each section will be discussed in turn, with 
possible applications and benefits discussed. 
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1.4.1 Production Schedule Optimisation 
At the bakery, the orders would be received and an optimal production schedule 
determined.  This production schedule would have to take into account several 
factors. 
 
Strap type would have to be considered.  Straps are the containers that the bread is 
baked in.  There are generally either 2, 3 or 4 tins per strap.  Larger loaves will 
require larger tins for baking and consequently less loaves fit in a strap.  If a product 
requires a different strap type, operators must manually remove all old straps and 
place the new ones on the production line.  (This process may be automated in the 
future.) 
 
Replacing straps is a time consuming, manually intensive operation and is preferably 
performed a minimal of times during the day.  The production schedule must take 
this into account. 
 
Another factor to be considered when optimising the production schedule is the oven 
temperatures required by each product.  A product requiring an oven temperature of 
230°C should not be preceded by a product requiring an oven temperature of 190°C 
since it would take up to half an hour to increase the temperature of the oven by the 
required amount.  Determining and maintaining the correct oven temperature is quite 
an involved subject and is investigated in Chapter 5. 
 
When the product is required is an important factor as well.  If 8000 loaves of a 
certain variety are required to be made one day, it may not be the best option to bake 
them all first thing in the morning.  A better option may be to bake 4000 early in the 
morning and deliver them, then bake the rest later in the day so they may be 
delivered fresh later on.  This would also depend on when the bread retailers actually 
want the bread. 
 
After all of these factors are considered, an optimal production schedule may be 
produced automatically by the central computer. 
 
 6
1.4.2 Ingredients and Mixing 
Recipes may be stored on a central computer. According to the production schedule, 
this computer automatically accesses the mixer.  Ingredients are automatically 
measured out and mixed.  According to the variety, other factors such as length of 
time the bread is mixed and speed of mixing are altered. 
 
Automatically measuring ingredients out gives the added advantage that the accuracy 
of measurements are known.  It eliminates human error from this part of the baking 
process. 
 
If an ingredient is running low, a new order may be electronically sent to the 
distributor/manufacturer of that ingredient. 
 
An advanced addition to the control of the mixing process involves the automatic 
altering of critical ingredients such as yeast levels.  The levels of these ingredients 
may be altered depending on such factors as the ambient temperature and humidity 
levels on that particular day.  Algorithms within the control software may also 
optimise these values by altering them slightly each day and monitoring the results in 
the product. 
 
1.4.3 Dividing and Rounding 
This section involves dividing the dough into the correct size portions and rolling 
them into shape.  The divider is a crucial element in the baking process because any 
variation experienced in the initial weight of dough placed into the process cannot be 
subsequently reduced. 
 
An optimum divided weight will be one that produces loaves of bread at the end of 
the process that correspond exactly with the marked weight of the loaves.  This is 
one of the major challenges one is faced with when attempting to optimise the baking 
process.  Implications of having weights that are not within specification are 
discussed in Section 1.3.1, “Loaf Weights”. 
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The divided weights for each product may be stored in the central computer.  These 
may then be fine tuned automatically as data is gathered about each product and 
optimal baking conditions are developed. 
 
Variation in weights at the divider is experienced due to the mechanical operation of 
the machine.  Ideally the divider would produce loaves that are all of equal weight, 
however due to the physical characteristics of the dough, it is quite difficult to 
achieve. 
 
An advanced option may be to alter the divided weights depending on factors such as 
gaps in production.  The loaves immediately after a gap may be divided at a greater 
weight.  This would allow for the extra baking they would receive in the oven due to 
the lower thermal load during the gap.  Ideally intelligent oven control would solve 
the problem, eliminating the need for dealing with the problem of unevenly divided 
loaves. 
 
1.4.4 Intermediate Proof 
Intermediate proving is used as an initial rise period for the dough.  Currently the 
humidity, temperature and time of proving are not accurately controlled.  The end 
effect of this on the bread is not yet fully understood. 
 
1.4.5 Moulding and Panning 
In this section, the dough is sent through a roller and directed into the tins.  It is a 
purely mechanical process and works reasonably well.  Occasionally the dough does 
clog in this section, suggesting that sensors to spot this may be useful.  However 
usually the operator will notice the jam almost immediately, and it is a result of 
poorly cleaned machinery.  Sensors that detect machinery getting progressively more 
obstructed may be possible. 
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1.4.6 Proofing 
Proofing allows the dough to rise via the yeast activation process.  It is here that the 
volume and cell structure of the dough is developed for baking.  Optimum proofing 
conditions are thought to consist of a temperature of approximately 40°C and a 
relative humidity of approximately 85%. 
 
A cause of variation in the proofed height of bread is the temperature of the tins in 
the prover.  The tins that doughs are placed in may be either hot or cold - the hot 
ones having recently been used in the oven.  Sometimes the tins are all hot or all 
cold.  For example, when a change of tins from 3-strap to 4-strap is done, all the new 
tins will be cold.  Sometimes there are only a few cold tins.  This happens when there 
is a lack of tins ready for dough to go into and an operator must place some new tins 
on the assembly line. 
 
This is a difficult occurrence to deal with.  The best response may be to simply have 
some method of ensuring the tins are all the same temperature and the yeast levels in 
the mix should be set to deal with that. 
 
1.4.7 Baking 
The oven, where the bread is baked is the most important process apart from the 
mixing of ingredients.  Many avenues for control and optimisation are possible in 
this section of the bakery. 
 
The oven is specifically covered in more depth in Chapter 5, but a control summary 
will be presented here. 
 
Ideally, the oven would be divided into 4 to 8 separately controllable zones.  Oven 
temperature would be controlled according factors such as loaf variety, oven thermal 
load and ambient conditions.  The temperature histories of loaves passing through the 
oven could be customised according to an ideal setting for that variety and 
considering the settings required for the next variety. 
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1.4.8 De-Panning and Cooling 
After the loaves are removed from their tins (de-panning), they enter a cooler where 
they remain for around an hour.  This procedure is necessary because after the loaves 
have left the oven, they are still losing moisture to the atmosphere.  If they are placed 
in bags straight away, condensation will collect inside the package.  This then has 
adverse effects on the bread.  Also, there are problems with slicing of loaves if the 
bread is too hot. 
 
1.4.9 Slicing and Packaging 
This is the final section in the bread production process.  It has much significance in 
the overall control system. 
 
Final weights are taken here.  These weights are fed back to the main computer and 
analysed to calculate new improved set-points and ingredient levels for the next 
day’s production.  With the ability to track particular products through the bakery, 
bags for each variety may be automatically changed, or alternatively operators may 
be warned, as a variety change is about to occur. 
 
The slicer provides an opportunity for image analysis to be used on the loaf grain.   
 
1.4.10 Maintenance 
Although completely beyond the scope of this project, an added aspect that may be 
pursued when developing an advanced bakery control system is automated 
maintenance warnings.  Maintenance at a bakery, as at any manufacturing plant, is 
extremely important.  Any loss in production time due to breakdowns is costly and 
possibly dangerous. 
 
Using sensors already in place for other purposes in the control system (eg sensors 
that track oven movement), the amount of work that certain motors, chains etc do 
may be logged.  When predefined limits have been reached, warnings may be 
produced either by on-screen prompts, printed reports, emailing the appropriate 
employee or a combination of these. 
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In addition since the communications infrastructure is already set up in the bakery, it 
should be easier to add other sensors.  These may sense values such as vibration in 
motors and set an alarm state when a critical level is passed. 
 
1.5  CDROM Contents 
Included, as an appendix to this dissertation is a CDROM.  This contains the entire 
text of the dissertation in several different formats.  It also contains much extra 
information directly related to the project.  This includes colour photos of bakery 
processes as well as screen shots of the Product Performance Indicator (PPI) 
software, source code for the PPI software and several other programs, presentations 
and a paper presented during the project, Microsoft Excel macros used for sorting 
data and producing reports, data logged in the bakery, other relevant documentation 
for the PPI and useful Internet links. 
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Chapter 2 – Background of Baking and Measuring 
Loaf Quality 
Control of the baking process depends on the ability to measure the quality of a loaf 
of bread.  There are a variety of factors that can give an indication of loaf quality. 
 
Some of the measurements that have been taken in the past include “Baker’s Score”, 
Crust colour, Colour ratio, Loaf softness/sponginess, Side wall caving, Weight Loss, 
Loaf Height, Loaf Shape, Volume, Bubble Size/Texture and Flavour. 
 
Each of these will be discussed here.  It is important to note that these qualities are 
dependent on a complex combination of factors including dough composition, oven 
conditions (temperature, air velocity, humidity), proving conditions, and cooling 
conditions. 
 
2.1  Controlling the Baking Process 
Little literature on overall control systems for large-scale bakeries is available.  This 
is due to the fact that up until this point, all studies found have concentrated on 
control of separate processes – usually the oven.  Practical work in bakeries has also 
focussed on individual processes rather than the system as a whole.    
 
An interesting introduction to the world of automating complex processes that are 
ordinarily controlled by experienced human operators, using the specific example of 
a bread bakery, is “The Knowledge Based Sensor System – A Novel Measurement 
Approach”, (Wide, 1995).  
 
There are many studies that investigate the processes that occur inside the oven and 
explore possibilities for control.  Related papers are discussed in Section 5.1. 
 
2.2  Bakers Score 
A ‘Baker’s Score’ is the traditional method that bakers use to assess a loaf of bread.  
It is typically based on an arbitrary numerical scale that assigns certain maximum 
 12
values to specific loaf attributes (Pyler 1988).  Since bakers score is such a subjective 
method, qualities such as loaf colour, crumb cell size/uniformity/shape, loaf shape 
and various others may not be reliably and consistently measured. 
 
Until recently, bakeries have been obliged to use bakers’ score since it was the only 
realistically available method of determining loaf quality.  There are several methods 
of more objectively determining loaf quality, especially with the advent of image 
analysis techniques.  Ideally, baker’s score would be completely replaced with more 
objective techniques. 
 
2.3  Crust Colour 
Crust colour is one of the most obvious indicators of loaf quality to the naked eye.  It 
has direct consequences with regard to the flavour of the loaf as well. 
 
Colour may be measured in several ways.  There are commercially available ‘colour 
meters’ such as the Hunterlab ColorTrendTM HT that has been used by BRI 
Australia Ltd in several projects (Varma 1998).  This is shown in Figure 2.1. 
 
 
Figure 2.1: The Hunterlab ColorTrendTM HT (From the Hunterlab website, 
http://www.hunterlab.com) 
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Image analysis provides a more adaptive method of measuring colour in that more 
detailed analysis of separate loaves may be performed.  In its simplest form, the loaf 
may be isolated from a captured image and an averaged ‘brightness’ value may be 
calculated.  The ambient lighting must be taken into account here as well - if the 
lighting level changes, a different brightness will be measured.  
 
In Kim and Chun (1997), a loaf is monitored during baking via a CCD camera.  
Using red, green and blue colour histograms, the bread colour development was 
observed.  If an ideal ‘colour development’ is defined for a particular product, 
conditions may be controlled to produce this result. 
  
In the long term, measuring the colour of loaves while they are in the oven is not 
necessarily the best approach.  It is more of a research exercise to study what is 
actually happening within the oven.  Once the loaf is in the oven, the large time 
constant of the oven dictates that it is too late to change the oven temperature to 
accommodate that particular loaf. Instead enough needs to be known about the bread 
and the conditions it is experiencing to have the oven set suitably before the loaf 
enters. 
 
2.3.1 How to Quantify Colour 
Quantifying colour may be done in several ways.  A widely used method is the L * a 
* b colour space devised in 1976 by the CIE (Commission Internationale de 
L’clairage, or the International Committee on Illumination).  This represents colour 
as a colour space in which equal distances approximately represent equal colour 
differences.  ‘L’ is the brightness value, ‘a’ is the red/green value and ‘b’ is the 
blue/yellow value.  A diagram of this is shown in Figure 2.2. 
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Figure 2.2: Colour solid for L * a * b colour space 
 
If using this method for bread, only the ‘L’ value really needs to be used since 
brightness is the main indicator.  However, if a measure of how constant the colour is 
over the loaf surface is required, image analysis is probably the best option. 
 
2.4  Colour Ratio 
This is a value proposed in Adamczak and Kallitsis, (1997).  It was proposed as a 
result of the problem identified in industry of variation in colour between the 
top/bottom and sides of the loaf.  The colour ratio (CR) is a ratio of the sidewall 
colour to the average loaf colour. 
 
Generally, problems in industry involve a low CR, meaning that the sidewalls are 
lighter than the average colour.  This is not only visually unappealing, but results in 
weaker sidewalls that may cause the loaf to collapse during slicing or transport.  A 
low CR indicates uneven heat flow around the loaf and therefore uneven baking.  In 
Adamczak and Kallitsis, (1997), the conclusion was to increase the air flow and/or 
gap between tins. If done correctly, this would result in a CR of close to unity.  
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2.5  Loaf Firmness/Softness/Sponginess 
Since a customer will often test the ‘freshness’ of a loaf by squeezing it, it follows 
that this could be done after baking to test the quality of the loaf. 
 
An ‘Instron Universal Testing Machine’ has previously been used (Adamczak and 
Kallitsis, 1997) to determine the compressibility of a whole loaf.  An example of 
such a machine is shown in Figure 2.3.  In (Adamczak and Kallitsis, 1997), this 
compression was found to depend on the moisture content and crust properties of the 
loaf.  This testing was performed 24 hours after baking, so results may not be exactly 
applicable to loaves during the baking process.  Testing was done both on whole 
loaves and on separate slices to test the firmness and recovery of the crumb. 
 
 
Figure 2.3: An example of an Instron Universal Testing Machine (from the Instron website, 
http://www.Instron.com) 
 
Testing the firmness during production would require a slightly different approach.  
The firmness, when related to loaf quality may be fed back to bakery operators (or an 
adaptive control system) to monitor production.  A drawback may be the fact that a 
firmness test might damage the loaf.  This would have to be considered with any 
testing method. 
 
Using firmness as an indicator of loaf quality was not pursued in this project, the 
focus being more on loaf weights. 
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2.6  Weight Loss 
Weight loss is not one of the qualities a consumer would look at when determining 
loaf quality, however it has much value for use in a bakery.  These uses are discussed 
more thoroughly in Chapter 4, “Weight Loss”, but will be quickly listed here. 
 
Legal reasons are important.  The connection between initial weight and final 
weights is useful because legal requirements must be met when labelling and selling 
loaves.   
 
It has been found that the weight loss of a loaf has a linear relationship with other 
factors such as loaf colour and firmness (Adamczak and Kallitsis, 1997).  If a bakery 
can minimise weight loss while maintaining loaf quality, great savings in ingredients 
may be made. 
 
Complications in accurately determining weight loss during production have limited 
the study of its use in a bakery in the past.  Chapter 4, “Weight Loss” looks at this in 
more detail. 
 
2.7  Loaf Height, Shape and Volume 
Loaf height, measured after proving is a function of ingredient levels (particularly 
yeast) and prover conditions.  These values may be monitored from here. 
 
The shape of a loaf of bread after baking is very important from a consumers point of 
view.  A common problem in industry is the caving of the bread sidewalls and also 
caving of the top and bottom of the loaf.  This was studied in Adamczak and Kallitsis 
(1997). It was found that caving is related to the firmness of the loaf as well.  A less 
firm loaf will be judged as ‘fresher’, but is more likely to experience side wall 
caving. 
 
Caving may be measured as a ratio of the minimum distance across a loaf compared 
to the maximum distance or tin width.  This is shown in Figure 2.4. 
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Figure 2.4: A diagram of side wall caving 
 
Measurement of sidewall caving during production may not be effective since caving 
usually occurs during or after slicing/bagging or during transport and handling.  It is 
desirable however, to produce loaves that are not prone to caving.  This quality may 
be linked with the colour ratio as discussed in Section 2.4  above.  A low colour ratio 
indicates less baking on the sides of the loaf that may make the loaf more susceptible 
to caving.  This would have to be verified. 
 
2.8  Slice Texture, Cell Attributes 
There have been several studies done to determine the quality of a slice of bread by 
using image analysis on the crumb grain (Wang and Coles, 1997; Zayas and Chung 
1996, 1997; Sapirstein, 1995).  A photograph of the crumb grain is shown in Figure 
2.5. 
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Figure 2.5: A photograph of the crumb grain of a loaf 
 
The main considerations used when human experts assess crumb texture are cell size, 
uniformity of cell size and thickness of cell walls (Wang and Coles, 1997).  Usually 
this is done by comparing slices with a photograph of agreed standards.  This is a 
very subjective method since one photograph is not enough to represent a wide range 
of textures that may all be acceptable.  It is also repetitive and time consuming. 
 
A commercial ‘Bread Quality Imaging System’ (BQIS) was developed in (Wang and 
Coles, 1997).  This uses edge-detecting algorithms to produce information about the 
cells. 
 
Although useful, the BQIS has limited application on-line in a bakery because it 
requires special attention by an operator and needs separate slices from the loaves.  A 
better method would be to measure the crumb texture during production.  The 
obvious place to do this would be at the slicer.  A possible configuration is shown in 
Figure 2.6. 
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Figure 2.6: A diagram of how image analysis may be used on-line in a bakery 
 
2.9  Flavour 
Flavour is a very subjective measure of loaf quality that cannot easily be measured at 
the bakery.  A better solution is to somehow relate the general consumer’s opinion of 
flavour with other indicators of loaf quality discussed here. 
 
Ingredients and the particular variety of loaf have much do with the measured 
flavour.  These need to be taken into account separately from other factors.  That is, 
assuming the same variety and basic ingredients, how do changes in baking 
conditions affect the flavour of a loaf of bread.  At some stage, ingredients do have to 
be taken into account, but this is more of an issue for the product development 
scientists, not for a bakery control engineer. 
 
2.10  Summary 
Several methods of measuring loaf quality have been outlined here.  Weight loss is 
one of the most interesting and under-utilised.  Weight loss will be the method most 
focussed on in this project. 
 20
Chapter 3 - Data Collection and Processing 
To begin assessing methods of improving control and optimising a bakery’s 
processes, a data collection system had to be set up.  Initially, several small short 
term field trips were completed.  These generally involved placing a minimal number 
of proximity sensors and the logging of weight files from the scales at a bakery. 
 
These trips allowed product following techniques using gaps between loaves and loaf 
counts to be assessed.  They also allowed factors such as product loss and basic 
weight losses to be determined. 
 
It was quickly realised that a larger, more permanent data acquisition system was 
required.  The hardware and software used in this larger system will be discussed 
here, along with how it interfaces with bakery operations. 
 
3.1  Overview of Product Performance Indicator Setup 
The combination of software and hardware used to collect, process and display data 
for this project was named the ‘Product Performance Indicator’, or ‘PPI’.  The main 
aims of the PPI were as follows: 
- To determine, by experimentation, what data would need to be recorded from 
a bakery in a commercial control system.   
- To develop methods of processing and displaying data from the bakery by 
post-processing and real-time processing in a way that gives bakery personnel 
information they have not previously had access to. 
- To build up an archive of data from the bakery that may be used to determine 
long-term trends. 
 
3.1.1 Factory Automation Software and PLCs 
Earlier data collection systems used for day trips to a bakery consisted of a PC data 
acquisition system utilising a DL205 PLC base from ‘AutomationDirect’ connected 
to a PC via Ethernet.  Although the terminology ‘PLC’ is used, it is not strictly 
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operating as a ‘Programmable Logic Controller’ because the PC controls all 
operations through a base controller module. 
 
Software was originally written in ‘Think & Do’, a graphical programming language 
by AutomationDirect for the DL series of PLCs.  The software simply logged data as 
it was coming in.  The PPI still uses Think & Do to communicate with the PLC 
bases, but uses Visual Basic 6.0 for the Graphical User Interface. 
 
3.1.2 Scan Based System 
The central PC collects data from the PLCs usng a scan-based system.  This means 
that every specified period (x ms), all the I/O points are scanned.  In order to sense 
individual loaves passing by, the scan period must be small enough to guarantee 
sensing of the gaps.  It was found that this was not practical however, because at 
some points (most notably, after de-panning), the loaves were extremely close 
together, even to the point of touching each other. 
 
Some quick calculations demonstrate the limitations.  At the de-panner, 24 loaves 
may pass in 10 seconds.  If these loaves are all 10cm wide with 1 cm in between 
them, they are travelling at a speed of around 0.264 m/s.  At this speed, a gap of 1 cm 
would pass in 37.9 ms.  With a scan period of 40 ms, this gap may not be sensed.  
Figure 3.1 shows this limitation with a 50ms scan time. 
 22
 
 
Figure 3.1: Demonstration of limitations of a scan based system 
 
The simple solution is to decrease the scan period to a very low value such as 5 ms. 
However, very small scan periods cause problems with other program operations 
performed by Visual Basic such as serial communications with the oven temperature 
controllers.  Therefore the scan period needed to be increased to about 40ms. It may 
have been preferable to use Think & Do for all serial communications, but most code 
had already been written in VB before the problem was discovered. Additionally, VB 
was the preferred language due to its versatility. 
 
3.2  Microsoft Visual Basic 
The GUI and most data processing algorithms were programmed in Visual Basic.  
Data was imported into Visual Basic continuously using both ‘Dynamic Data 
Exchange’ (DDE) and ‘Component Object Model’ (COM).  These are both 
computing standards that have been developed to allow communication of data 
between different software applications.  Application of DDE and COM is a feature 
of both Visual Basic and Think & Do. 
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3.3  Loaf Weights 
One of the most important values that is logged by the PPI is the weights of loaves.  
There were already three sets of scales in place at the bakery - one at the beginning 
of production and two (one on each branch of the conveyor) at the end of production. 
The scales used are Ramsey-RCCI Checkweighers, Model WDD - Version 5.  A 
photo of the checkweigher at the beginning of production is shown in Figure 3.2. 
 
 
Figure 3.2: First checkweigher - after loaves are divided and rounded 
 
Data is acquired from the checkweighers via separate RS-422 serial communications 
lines.  Every time a checkweigher senses a loaf, ASCII data is automatically sent 
along the serial line.  Serial communications were programmed directly in the Visual 
Basic module of the PPI. 
 
A separate PC run by the bakery also logs weights from the final two checkweighers 
using the ‘AutoView’ software produced by Ramsey-RCCI.  This software is used by 
production managers to determine average weights of products and other details such 
as number of underweight loaves.  This information is now automatically produced 
by the PPI. 
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All the checkweighers have product details stored inside them. The bakery operator 
selects the appropriate product when required. The initial checkweigher rejects 
underweight loaves, but overweight loaves are allowed to pass.  There is a system in 
place that feeds back a control signal to the divider to automatically set the weights 
of loaves.  Due to unsatisfactory operation of the current weight control, bakery 
operators usually adjust the divider manually. 
 
As well as rejecting underweight loaves, the final checkweighers also incorporate a 
metal detector that rejects any loaves with metal in them. 
 
The data that is resolved by the PPI includes (for each loaf), the product number, the 
weight and whether it was overweight, underweight or passable.  If the loaf was 
rejected due to a metal detection, that is logged as well. 
 
Product names are stored in the checkweigher but are not transmitted with the data 
from the checkweighers.  The PPI has a list of product numbers and names that is 
updated from the checkweigher every time a product changes.  In this way, the 
product name may be displayed on the PPI screen. 
 
3.4  Loaf Heights 
An ultrasonic proximity sensor measures the height of loaves as they exit the prover. 
 
Figure 3.3 shows the positioning of the height sensor.  It is a PCU Series Ultrasonic 
Proximity Sensor from Electro Corporation with a 4-20mA output.  Its sensing range 
is about 200 - 1800 mm. 
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Figure 3.3: Photo of height sensor positioning (sensor is circled and sensing direction is shown 
with an arrow. 
To calculate the height of a loaf, the average of all the readings taken across that loaf 
is calculated.  It is assumed here that the PLC scan period is 40ms (25 readings per 
second), the conveyor speed is approximately 0.3 m/s and the tins are about 30cm 
long. 
 
When the loaf is being sensed, it is probable that the tin will be sensed as well, giving 
an average height for that loaf that is inaccurate (See Figure 3.4.  To guard against 
this interference, before the average of all the readings is taken, the first and last 
entries are eliminated. 
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Figure 3.4: Demonstration of tin interfering with loaf height measurements 
 
Placement of the sensor must be done carefully so as to ensure that all types of strap 
(2,3 and 4 tins) are sensed properly.  This means that the sensor will not sense every 
type of loaf along the centre line.  This is not a problem - as long as it is known what 
the recommended heights of loaves should be along the particular section being 
measured.  If an accurate measure of the height is required, a different approach must 
be taken. 
 
Figure 3.5 shows how validation of the height sensor operation was performed.  A 
low density foam ‘pattern’ was used of known dimensions.  The foam had to have 
some flat plastic placed over the top of it so that the ultrasonic sensor could work 
satisfactorily. 
 
 27
 
Figure 3.5: Foam pattern used to configure height measurement 
 
Firstly, static measurements were taken on both the 60mm and 100mm sections to 
check that the sensor was configured.  Once this was done, moving checks could be 
performed.  It was found that the height sensor would measure accurately to about 
2mm. 
 
An example of the averaging in practice is shown in Figure 3.6.  The plot shows the 
instantaneous readings from a group of 12 tins passing the sensor.  It can be seen that 
an average is taken only 6 times during the 12 tins.  This is because there are small 
gaps between tins and these are not always sensed.  The averaging that does occur is 
sufficient to give an indication of the trend in loaf height during a production run. 
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Figure 3.6: Example of averaging instantaneous height readings 
 
3.5  Temperature and Relative Humidity 
The temperatures and relative humidities of several processes are measured.  
Logging frequency is configurable upwards from a minimum of once every 2 sec. 
 
3.5.1 The Intermediate Prover, Prover and Cooler 
Temperature and relative humidity are measured in the intermediate prover, the 
prover and the cooler.  There is one temperature and RH sensor in the intermediate 
prover and two of each sensor in the prover and the cooler.  In the prover there is one 
on the left and one on the right side, giving a balanced measure of the values.  In the 
cooler, there is one inside and one in the inlet air duct.  This allows the effect of the 
temperature of the air entering the cooler on the cooler temperature to be determined.  
The humidity sensors used are capacitance type sensors made by Vaisala.   
 
The temperature sensors used are RTD (resistance-temperature detector) type, with 
the voltage being converted to a 0 - 1 Volt signal corresponding to -40 to 60°C. 
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3.5.2 The Oven 
Oven temperature measurement is analysed in greater detail in Section 5.5.  All 
sensors in the oven are thermocouples connected to the main PC via either a 
thermocouple module in the PLC (4 Inputs) or a ‘SmartReader Plus 7-Channel 
Temperature Logger’ by ACR Systems Inc (7 channels + ambient).  This is 
connected to the main system by an RS-485 connection. 
 
Thermocouples are type ‘K’ thermocouples and are exposed to the oven air with no 
thermal shielding. 
 
There are two temperature controllers for the oven, each controlling a separate 
burner. These controllers are ‘CAL 9400 Dual Display Autotune Temperature 
Controller.  Each is connected to a single thermocouple that has thermal shielding 
around it, slowing down response time to temperature changes.  This reduction in 
response time is necessary due to physical constraints of the burners.  The burners 
should not be allowed to switch on/off too quickly or the flame is in danger of 
extinguishing.  This constraint on the oven is one reason why accurate temperature 
control is so difficult. 
 
 
Figure 3.7: Front display of the CAL 9400 Temperature Controller (from the CAL website, 
http://www.cal-controls.com/) 
 
Data is acquired from the temperature controllers via an RS-485 serial line using the 
MODBUS RTU protocol.  This protocol is designed as a standard that allows many 
different types of device communicate over one serial cable.  These serial 
communications are programmed in the Visual Basic part of the PPI. Each controller 
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has its own ID address and returns data when it is requested by the PPI.  Data that is 
returned includes the measured temperature, the oven set-point, the output state 
(Normal output On/Off and Alarm output On/Off). The alarm output is always set 
about 4 degrees below the set-point. If the temperature reaches this low, the burner is 
set on ‘High’. During normal output the burner is set on ‘Low’. 
 
3.6  Proximity Sensors/Digital Inputs 
Each PLC has a digital input card.  These inputs are used to connect to proximity 
sensors and to relays that respond to the movement of processes.  Optical proximity 
sensors are located at various points to sense the passage of loaves.  Also, digital 
inputs are taken from other processes to indicate their movements. 
 
A final configuration for the placement of sensors has not been reached.  Current 
sensor placements and future suggestions are discussed here. 
 
3.6.1 The Divider 
The first proximity sensor is located just before the checkweigher, after the dough is 
divided and rolled.  This sensor is quite reliable although the operator’s hands may 
interfere with it sometimes. 
 
The second sensor is located directly after the section where underweight loaves are 
rejected.  This loaf count from this sensor is not completely reliable because the 
dough rejection system is not completely reliable.  Sometimes the rejection system 
attempts to reject a piece of dough, but does not succeed.  The sensor will not sense 
this piece of dough, yet it is in the intermediate prover. 
 
The location of these sensors is shown in Figure 3.8.  Both of these sensors would 
not be required if the dough rejection system could be made 100% reliable.  Instead, 
the weights registered by the checkweigher would be used for exact loaf count data.  
After comparing the readings from these proximity sensors with the weight readings, 
it was decided to rely on the latter for most calculations.  However when loaf-by-loaf 
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calculation of weight loss is to be pursued, reliability will need to be increased here 
(See Chapter 6). 
 
 
Figure 3.8: Proximity sensors at initial checkweigher (after divider).  Sensors are circled. 
 
3.6.2 Intermediate Prover Operation 
The shelves in the intermediate prover move forward every time a shelf is full.  This 
movement is the source of a digital input.  The input goes ‘On’ when the shelves are 
moving.  The operation of the intermediate prover is shown in Figure 3.9. 
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Figure 3.9: Intermediate prover operation 
 
Additionally, a digital input that senses the forward movement of the pockets as they 
enter the prover may be useful to allow precise tracking of loaves through the 
intermediate prover.  The operation of the prover loading is shown in Figure 3.10. 
 
 
Figure 3.10: Diagram of pocket movement in intermediate prover 
 33
 
3.6.3 Into Tins 
After being rolled, the pieces of dough are put into tins.  A digital input is taken from 
here.  It reliably goes ‘On’ when a piece of dough enters a tin. 
 
3.6.4 The Prover 
A digital input is connected to a relay that operates when the loading arm at the 
prover operates.  This loading arm will only load the prover with tins when there are 
12 tins ready to load, or when the operator manually activates it (More about this in 
Chapter 6.  The relay goes ‘On’ when the arm is in operation. 
 
A digital input is also connected to a relay that operates when the shelves in the 
prover move.  This relay goes ‘On’ while the shelves are moving. 
 
3.6.5 The Oven 
There is a proximity sensor located between the prover exit and oven entry.  It senses 
individual straps as shown in Figure 3.11.  This sensor originally had some problems 
with being obstructed by dust since it was located close to where ‘toppings’ are put 
on the bread (eg flour or sesame seeds).  It had to be cleaned regularly.  A new 
position was found closer to the oven entry as shown.  Cleanliness of the sensor has 
been improved but it still has to be wiped every few days to ensure reliable 
operation. 
 
Other future options may be to place a inductive proximity sensor here or to do away 
with this sensor altogether and rely on the a relay connected to the loading arm for 
the oven.  This would be okay since most shelves passing through the oven/prover 
section are full of 12 tins.  Or, if they aren’t full, this can be sensed when they enter 
the prover. 
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Figure 3.11: Oven strap sensor location 
 
 
As with the prover, a digital input is connected to a relay that goes ‘On’ when the 
oven shelves are moving. 
 
3.6.6 The De-Panner 
A digital input is taken from a sensor that is part of the de-panner.  This sensor turns 
‘On’ as each loaf is removed from its tin.  However currently the counts being 
recorded are not accurate.  This is because at the point the sensor is located, the 
loaves are extremely close together.  The gap is too small to be sensed with the 
current scan times being used. 
 
There is also a proximity sensor located just after the loaves have been separated 
from their tins.  The counts performed by this sensor are not fully reliable either due 
to the gaps between loaves being too small.  However it is more reliable than the 
previous sensor.  Its placement is shown in Figure 3.12. 
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Figure 3.12: Proximity sensor after depanner 
 
3.6.7 The Cooler 
There are three digital inputs from the cooler section of production. The first goes 
‘On’ when the cooler shelves are moving.  The second is connected to the cooler 
loading arm and goes ‘On’ when the loading arm is in operation.  This sensor is  
used to decide when to log cooler shelf weight. 
 
The third sensor is a proximity sensor placed after the cooler exit, before the 
conveyor split.  It senses individual loaves, but the count is not accurate since many 
of the loaves are very close together. 
 
3.6.8 Conveyor Split 
There is a proximity sensor located on each conveyor split above the conveyor.  
Their placement relative to one another is shown in Figure 3.13.  A photo of one of 
the sensors is then shown in Figure 3.14.  The loaf counts from these are fairly 
reliable but may not be 100% accurate. 
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Sensors in this region are needed to be able to re-calculate the order of loaves 
entering the slicers.  Before each slicer is a buffer where the loaves queue.  This 
means that the order in which the loaves leave the cooler are not necessarily the order 
they are sliced (and weighed) in. 
 
 
Figure 3.13: Locations of sensors around conveyor split.  (Including cooler exit sensor) 
 
 
Figure 3.14: Photo of one of the overhead loaf sensors at the conveyor split 
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3.7  Oven and Prover Loading 
Calculating the thermal load in the oven and prover was a major objective of the 
project.  However, many difficulties have been encountered that make accurate 
calculation very difficult. 
 
Currently, the approach taken involves expressing the oven load in terms of a 
percentage of the maximum number of straps the oven or prover can hold. 
 
3.7.1 Calculating Prover Load 
Prover load is calculated by using the input from the prover loading digital input and 
the prover shelf movement digital input. 
 
When the prover loading arm operates, it is assumed that a full shelf of loaves has 
entered the prover.  It is known that the prover has 147 shelves.  Two of these 
shelves are always outside the prover (at the entry and exit), so the maximum load is 
the number of shelves inside the oven, multiplied by the maximum number of straps 
on each shelf.  For the prover here, the maximum load is 1740 straps. 
 
The number of straps on each shelf are stored in an array in the PPI.  Each time the 
prover moves forward one shelf, the new load is calculated and expressed as a 
percentage of the maximum load.   
 
Ideally, the exact number of straps on each shelf would be known.  This may be 
achieved by placing a proximity sensor at the prover entrance (as is done with the 
oven).  This may be done in the future. 
 
3.7.2 Calculating Oven Load 
Oven load is calculated in a similar way to prover load.  Two digital inputs are used.  
One is the proximity sensor that senses straps entering the oven.  The other is the 
digital input signifying shelf movement in the oven. 
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The oven has fifty shelves, two of them being outside (the entry and exit).  Each 
shelf can hold a maximum of twelve straps, so the maximum load is 576 straps. 
 
Unlike the prover load calculations, the precise number of straps on each shelf is 
counted by the proximity sensor.  The number of straps on each shelf is stored in an 
array in the PPI.  Each time the oven moves forward one shelf, the new shelf is added 
to the load and the old shelf is taken away. 
 
As well as total oven load, the load in each of the zones inside the oven is calculated.  
The particular zone that a shelf is in is known because all shelf movements are 
tracked and the first twelve shelves are in the front zone, the next 24 are in the back 
zone and the final twelve are in the front zone.  The nature of this design means it 
would be quite difficult to optimise the temperatures experienced by the loaves as 
they pass through. 
 
Additionally, the front zone (Zone 1) is divided into two separate zones (‘a’ and ‘b’).  
Zone 1a is the first twelve shelves and zone 1b is the last twelve shelves 
 
In addition to load, the baking time is also logged.  This is calculated by subtracting 
the entry time stored for this shelf from the exit time.   
 
An example of the oven load data logged is shown in Figure 3.15. 
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Figure 3.15: Example of oven load and baking time data 
 
3.7.3 Predicted Oven Load 
Since the load in the prover is known, it follows that the load in the oven should be 
able to be predicted in advance.  Theoretically, the load is able to be predicted 147 
shelves in advance.  This translates to over one hour, which should be ample time to 
prepare the oven for any thermal load change. 
 
Predicted load is still in its development phase, but would be an important part of a 
final control system. 
 
3.7.4 Calculation of Thermal Load 
The oven load calculations discussed here should provide a rough indication of the 
thermal load.  However the calculations do not take into account the actual weight 
and thermal properties of the dough and tins as well as the rising temperature of the 
dough and tins as they travel through the oven.  That is, a loaf that has been in the 
oven for ten minutes will contribute much less to the thermal load than a loaf that is 
entering the oven cold. Possible approaches for taking this into account are discussed 
in Chapter 5. 
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One addition that may help estimate thermal load more accurately is to be able to 
sense what sort of straps are entering the oven.  There are three type of straps - those 
that hold four loaves, those that hold three normal loaves and those that hold three 
extra-long loaves.  The weights of loaves in each type of tin are similar (to within 
approximately 50 grams).  So if each type of tin could be sensed, an approximation 
of the weight of loaves in them could be performed. 
 
It should be possible to determine the difference between normal length 3 and 4 loaf 
straps and the extra long 3 loaf strap.  This could be achieved by measuring the 
length of time either the height sensor or the oven entry sensor is on. 
 
3.8  Cooler Shelf Weight 
Load cells were placed on the cooler entry shelf to measure the weight of loaves on 
that shelf.  This is the shelf that loaves are conveyed onto before entering the prover.  
Taking the weight of loaves here is useful because it will allow calculation of the 
relative amounts of weight loss in the oven and in the cooler.  Although most weight 
loss occurs in the oven, moisture is still being lost to the atmosphere as the loaves 
cool.  Cooling time and conditions affect this amount of weight loss. 
 
A photo of two of the load cells on the shelf is shown in Figure 3.16.  A diagram 
showing how they are placed is also shown Figure 3.17. 
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Figure 3.16: Photo of two of the four load cells on the cooler entry shelf 
 
 
 
Figure 3.17: Diagram of how the load cells are placed at the cooler loading shelf 
 
The exact time to record the weight from the load cells must be known.  A digital 
input from the cooler loading arm is used. When the input turns on, it means the 
loading arm is in operation, therefore the shelf must be full of loaves.  The last 
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reading prior to the shelf loading is taken as the correct weight of the shelf.  A 
diagram of how this works is shown in Figure 3.18. 
 
 
Figure 3.18: Plot of load cell readings, sensor readings and logged shelf weight 
 
No verification was done on the accuracy of the load cells when measuring the shelf 
weight.  The purpose of their inclusion in the PPI was primarily with a view to use 
the data to determine weight loss in the cooler at some point in the future. 
 
3.9  Image/Video Capture 
Image capture has been added to the PPI currently as an archiving tool.  Images can 
be captured to file either every x minutes during the day or manually by clicking on a 
button in the PPI.  There is also the possibility of triggering the image capture as 
a result of some other event occurring such as an extra high/low group of loaves or 
after exceptionally high/low oven temperatures. 
 
The images are captured immediately after the de-panner.  The camera used is a 
CCD video camera providing composite video output.  It is connected to the main PC 
via a video capture card.  Images are then captured to file in Visual Basic using a 
simple, easy-to-use ActiveX control called ‘EZVidCap’ written by Ray Mercer. 
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An example of a captured image is shown in Figure 3.19.  The quality of these 
images were kept low to save disk space. 
 
 
Figure 3.19: Captured image of loaf for archiving 
 
3.10  Stoppage Detection at All Points 
An added feature of the PPI that has been partially implemented is stoppage 
detection.  It is useful for the production manager and maintenance staff to have a 
view on the computer monitor of when there is a stoppage in production.  This 
feature has been implemented to display a stoppage when it occurs at any of the 
following points: 
- Initial checkweigher 
- Into tins 
- Prover loading 
- Oven loading 
- Depanner sensor 
- Cooler exit 
- Both final checkweighers 
 
Each of these is displayed with an indicator next to it showing whether there is a 
stoppage or not.  The number of seconds that the stoppage has been current is shown 
next to the indicator.  
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With extra inputs from various relays and other sensors around the bakery, this 
feature could become an extremely valuable part of the PPI.  It could alert production 
managers of any out-of-place events in the bakery.  Also, technical personal could 
have a record of operations of different machines and a maintenance schedule could 
be accurately adhered to. 
 
3.11  Product Reporting 
The Product Performance Indicator software has the ability to access a report 
generation macro written in Microsoft Excel.  A brief description of how this is 
achieved is included here.   
3.11.1 Startup 
When the PPI starts up, Microsoft Excel is started.  A file is opened in excel that 
contains the report generation macro.  The user selects a day to produce a report for 
and the PPI issues commands to Excel.  After setting several values in Excel cells, 
the macro ‘DATAPROCESSBYWEIGHTS’ is run.  If an error occurred during the 
running, a message box is displayed that shows the cause of the error. 
3.11.2 Updating Product Data 
Whenever product data is updated at the checkweighers, this updated data is sent 
along the serial line. The PPI captures this data then enters the new data into the 
appropriate place in the Excel data file. 
3.11.3 New Product 
When a new product starts at any of the checkweighers, the product name is retrieved 
from Excel and displayed on the screen.  Additionally, when a new product arrives, 
the PPI automatically requests the product data (name, over-weight, under-weight 
and pass-weight) for that product from the checkweigher.  The data is updated in 
Excel as discussed above in ‘Updating Product Data’. 
3.11.4 Future Developments 
One of the disadvantages with using Excel to produce the product reports is that the 
workbooks may be changed by a person using the computer.  This means a person 
may (knowingly or unknowingly) alter data in the files that are needed by the PPI. 
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This may be solved by running excel in ‘Invisible’ mode, but it needs to be visible 
when the Product Report is shown.  An alternative approach is to open a separate 
version of Excel, or the product report could be sent to the printer and not displayed 
on the screen. 
 
Another issue with using Excel is that transferring the data processing to another 
program seems unnecessary.  Visual Basic has all the abilities to process the data, so 
in the future a data base may be used in Visual Basic to log bakery data.  All the data 
processing would then be done in Visual Basic.  Alternatively, an Access database 
may be accessed from within Visual Basic. 
 
3.12  Summary 
Instrumentation has been fitted to the bakery.  This includes sensors on most 
processes connected to a central computer.  Data from this system may be remotely 
downloaded and will allow further study of bakery processes.  Additionally, various 
automatic reports are produced to provide summarised information on production.  
Further features such as stoppage detection are being tested. 
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Chapter 4 - Weight Loss 
The importance of weight loss was introduced in Section 2.6.  Its significance will be 
discussed more thoroughly in this chapter.  Methods of determining the weight loss 
of loaves will also be presented. 
4.1  Significance of Weight Loss 
4.1.1 Legal Requirements and Product Giveaway 
One of the major reasons for the importance of weight loss is the unwillingness of 
the bakery to produce under or overweight loaves.  Underweight loaves are illegal to 
sell and the bakery must satisfy the following requirements from the Trade 
Measurements (Pre-packed Articles) Regulation 1997 under the Trade Measurements 
Act 1989: 
- No loaf may be less the 5 % below nominal weight. 
- The average weight of any 12 loaves picked at random may not be below 
nominal weight. 
 
Over weight loaves are also undesirable, since this means that the bakery is ‘giving 
away’ dough.  Current product giveaway levels are in the order of 1.5 to 2 % of the 
total product.  Figure 4.1 shows an example of this.  For this product, the total 
product giveaway level is 2.3 %.  Using conservative estimates, a bakery producing 
35 000 loaves of bread a day with an average weight above nominal per loaf of 10 
grams would be giving away about 130 tonnes of dough each year.  This is the 
equivalent of over 200 000 loaves of bread, translating into hundreds of thousands of 
dollars.  If product giveaway levels can be reduced, the bakery stands to save a 
significant amount of money. 
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Figure 4.1: Example of Weight Loss Variation (Schultz, Billingsley et al. 2000) 
To enable the final weight of loaves to be accurately controlled, it is necessary to 
establish a relationship between the initial weights and the final weights in terms of 
the ingredients and the conditions the loaves encounter. 
 
One of the difficulties with decreasing product giveaway is that currently there is a 
large spread of loaf weights at the end of production.  In Figure 4.1, the initial 
standard deviation is already 4 grams.  By the end of production, this has increased to 
over 8 grams.   To decrease the average final weight to a value close to the nominal 
weight means that many loaves will be under weight, increasing the chance of 
contravening the legal requirements stated above.  This is why bakeries currently 
operate at such high product giveaway levels. 
 
Using better control methods, not only may the average weight loss be better 
controlled, but the spread of weights may also be decreased, allowing the final 
weights to be closer to nominal. 
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4.1.2 Relation to Loaf Quality 
In (Adamczak and Kallitsis 1997), a report compiled at BRI Australia Ltd, several 
relationships between weight loss and other indicators of loaf quality were 
established through experiments in controlled circumstances.  Figure 4.2 shows a 
linear link between colour, firmness and weight loss. 
 
 
Figure 4.2: Relationship between colour, firmness and weight loss 
 
If the link between weight loss and loaf quality can be verified in practice at a 
bakery, and a reliable method of calculating weight loss during production 
developed, new avenues for bakery control will be opened.  Relating weight loss to 
oven conditions is discussed more thoroughly in Chapter 5. 
 
4.2  Estimation of Weight Loss Using Only Weight Files 
This method of calculating weight loss involves using the initial and final weight 
files and relying on the product numbers they provide.  The files are ‘lined up’ next 
to each other and the weight loss calculated loaf by loaf.  A moving average of the 
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resulting values is then taken as the approximate weight loss.  This is the simplest 
way to calculate weight loss since it does not involve exact product following. 
 
There are several problems with this method however.  Firstly, the final product 
numbers are not always accurate since the bakery operator does not always know 
exactly what product is passing through.  Before calculating weight loss it is 
recommended that a simple mathematical check be done that confirms that the final 
weight file starts at approximately x minutes after the initial weight file, where x is 
the average total production time for that product.  A similar check may be 
performed to confirm that the ends of the weight files are legitimate.   
 
Also, to produce the ‘final weight’ file, the separate files from each final set of scales 
must be combined.  This was generally done according to the time loaves were 
weighed.  Although this would not result in the exact order loaves were baked, it is 
accurate enough for these calculations. 
 
Another problem is that loaves are lost during production.  This means that there are 
less final weights logged than initial weights.  A method of ‘lining up’ the loaves 
must be decided upon.  Two methods were investigated. 
 
4.2.1 Alignment by Beginning/End/Middle 
The simplest way to align the loaves is to simply line up the first initial weight with 
the first final weight, then the second initial weight with the second final weight etc.  
This would allow a weight loss calculation to be made, but would result in initial 
weights being ‘left over’ at the end.  An example of beginning alignment is shown in 
Figure 4.3. 
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Figure 4.3: Alignment of weights by beginning. 
 
There are 137 more initial weights than final weights recorded for this product, so by 
the end of the process, the accuracy of the weight loss would only be within 
approximately 250 loaves when the inaccuracies in final weight alignment are 
included.  The data line shown is based on a moving average of 25 loaves.  This is 
less than the accuracy of the loaf-alignment, so the small fluctuations in weight loss 
in the figure are probably not accurate. 
 
Similarly, the end of the initial and final weights may be aligned  (i.e. last initial 
weight with last final weight etc).  An example of end alignment is shown using the 
same data as above in Figure 4.4. 
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Figure 4.4: Alignment of weights by end 
 
It can be seen from Figure 4.3 and Figure 4.4 that changing weights from being lined 
up at the beginning to being lined up at the end completely changes the resulting 
weight loss plot.  Similarly, when weights were centrally aligned, the weight loss 
plot changed again.  The changes to the weight loss plot indicate that this alignment 
method is not satisfactory. 
 
4.2.2 Alignment by Extending Final Weights 
Another method proposed to align initial and final weights is to extend the final 
weight data series so that there are the same number of entries in it as the initial 
weight series.  If this is done, then a loaf-by-loaf calculation of weight loss may be 
performed. It may not be entirely accurate, but should show a marked improvement 
over alignment by the beginning or end. 
 
A suitable approach for extending the final weight series must be developed.  
Initially, it was decided to ignore time altogether and simply use product counts.  
Using the time that loaves passed each of the scales would help line up weights more 
accurately, but would make processing much more complicated. 
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There are then only two series to work with - the initial weights for the product and 
the final weights.  It is assumed that these can be resolved from the entire weight 
series logged from production. 
 
A Microsoft Excel macro “ExtendFinalWeights” has been written that uses linear 
interpolation to match the final weight series with the initial weight series.  Figure 
4.5 gives some idea of what this macro does.  A plot showing the resulting weight 
loss is shown in Figure 4.6. 
 
 
 
Figure 4.5: Explanation of how linear interpolation approach works.  The interpolated values 
are simply placed on the straight line joining two final weights of an extended final weight 
series. 
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Figure 4.6: Alignment of weights by Linear Interpolation. 
 
The linear interpolation method of lining up weights is the best approach to take 
without additionally taking into account time.  It can give some idea of the variations 
in weight loss over a product run or from day to day.  Fluctuations in the weight loss 
that only occur for a short period cannot be depended on as being accurate though 
since there is still an inaccuracy of up to a few hundred loaves in the calculations. 
 
4.2.3 Description of Weight Loss Calculations Macro 
Using Visual Basic in Microsoft Excel, a data processing macro was written that 
calculates weight loss by either beginning alignment or extending the final weights.  
Its main purpose is for obtaining a quick idea of weight variation within a product 
run.  The file containing the macro is called ‘ProcessWeights.xls’ and is included in 
the accompanying CD. 
 
It is also useful for the purpose of summarising all the weight data for a particular 
day.  It has the ability to produce a plot of all initial and final weights and product 
numbers. 
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The basic concept is that the macro accesses the weight log files and moves them 
into a new weight summary file.  It then searches the data to find the required 
product, and begins a new file that contains only the information for this product.  
Here it plots the weights and weight loss.  Before running the macro, the user must 
enter various pieces of information such as the production date, initial and final 
product numbers and the location of the log files.  Operation instructions are 
included in the macro. 
 
In the future, an adapted version of this macro could be included within the Product 
Performance Indicator software package to allow operators to quickly and easily 
view plots of weight loss for various products. 
 
4.3  Loaf By Loaf Calculation of Weight Loss 
The ideal method of expressing weight loss would be by calculating it for every 
separate loaf.  In practice, this is very difficult to achieve since it would require the 
lining up beginning and ending weights exactly.  To do this, extremely accurate 
product following is needed.  Approaches to this are discussed in Chapter 6. 
 
Currently, product following techniques are not advanced enough to enable loaf-by-
loaf following, however they do offer improvements over the alignment by weight 
data technique discussed in Section 4.2  above.  Currently, using weight data is the 
best option because of its ease of use. 
 
If achievable, the advantages of accurate loaf-by-loaf calculation of weight loss 
would be enormous.  Weight loss specific to that loaf may be correlated with other 
loaf qualities such as bubble size/texture and crust colour.  The relationship between 
the two could then be verified.  Once this is achieved, other measurements of loaf 
quality would ideally be unnecessary. 
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4.4  Weight Variation at Divider 
Weights of divided loaves vary quite significantly at the divider.  The divider in use 
at Buttercup Bakery in Canberra is typical of dividers in most bakeries in Australia.  
It separates four pieces of dough at a time.  These are dropped onto a conveyor that 
then feeds them into a roller. 
 
The divider is designed with automatic weight control.  This uses a checkweigher to 
weigh pieces of dough and feed a control signal back to the divider.  This signal 
adjusts the divider so that the required weights of dough are produced.  Operation of 
this automatic control is generally unsatisfactory and bakery operators usually turn it 
off and adjust the divider manually. 
 
A plot showing typical weight variation at the divider is shown in Figure 4.7.  It can 
be seen that not only is there instantaneous variation between weights, but that the 
moving average varies quite markedly as well.  Sudden changes in the moving 
average are usually caused by the operator changing the setting on the divider.  The 
gradual change in the moving average is either from the operator making gradual 
changes or is more likely due to ‘drift’ in the settings of the divider.  This was 
verified by simple observation. 
 
Figure 4.7: An example of the variation in divided weights within a single variety. 
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Even if the moving average is not drifting, there is still a great deal of variation in the 
divided weights.  The amount of variation was calculated by subtracting the actual 
weights from the moving average and calculating the standard deviation of the result. 
 
This was done for the time period shown in Figure 4.7.  The resulting plot is shown 
in Figure 4.8.  The standard deviation for these weights can be seen from the plot to 
be 4.99. 
 
 
Figure 4.8: The deviation of weights from the moving average with the standard deviation 
shown. 
 
It was thought that a significant amount of this weight variation may be due to the 
four separate pieces of dough produced each time differing by a constant amount.  A 
macro was written for Microsoft Excel which stepped through the initial weight file 
and separated every fourth weight into a separate series.  The results are shown in 
Figure 4.9. 
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Figure 4.9: The deviation of weights from the moving average with the standard deviation 
shown. 
 
It is obvious from the plot that there is quite a large difference in divided weights 
between the four parts of the divider.  The reason that the moving averages ‘cross 
over’ every so often is that occasionally, dough pieces are removed from the 
conveyor between the divider and the checkweigher.  This is usually because the 
operator sees a loaf that is obviously too large/small or so a temperature check or 
manual weight check may be performed on the dough. 
 
A comparison of the standard deviation of all weights to the standard deviation of the 
separated weights gave some idea of the improvements that may be gained by 
improving the operation of the divider.  It was decided to calculate this standard 
deviation from 7:15am to 7:20am with the data shown in Figure 4.9 since this was 
before the first ‘cross over’ due to dough removal.  It was found that with all loaves 
considered, the standard deviation for this time period was 4.95.  Taking each set of 
grouped dough weights separately, standard deviations of 2.56, 2.89, 2.16 and 2.76 
respectively were calculated.  These results are displayed in Figure 4.10. 
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Figure 4.10: The deviation of grouped weights from the moving average with the standard 
deviation shown. 
If this problem with the divider can be rectified, a significant reduction in initial 
weight spread should be observed. A corresponding reduction in final weight spread 
should also result.  The production manager and bakery technical support staff were 
notified of this problem and were intending to rectify it.  At the time of writing there 
was no new data to show whether improvements had been made. 
 
4.5  Weight Variation Through Oven 
The oven is the section of the bakery where most weight is lost from the loaves.  It is 
also the area where most variations in weight loss occur.  Variations in weight loss 
mean that different loaves lose different percentages of weight.  For a single variety 
of bread, this weight variation (and corresponding quality variation) occurs in several 
ways: 
- Variation across the oven shelf 
- Variation during the production run 
- Variation between product runs on different days 
 
These will each be discussed in turn below. 
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4.5.1 Weight Loss Across Oven Shelf 
Due to the complicated design of the oven, heat flow to the loaves is not constant 
across the shelf.  Both convective heat transfer and radiant heat transfer vary across 
the shelf, affecting the loaf quality and weight loss in different ways.  (For more 
explanation on the relative effects of radiant and convective heat transfer to the 
loaves, see Chapter 5. 
 
In the past, during ‘bakery audits’, an estimation of the weight loss across the oven 
shelf has been determined by manually weighing loaves after they have exited the 
oven.  This is a very labour-intensive operation and the accuracy is doubtful since it 
can only be done a few times.  However the results from such an operation are 
enough to show that there is a constant difference in the weight loss across the shelf.  
An example of this is shown in Figure 4.11.  This plot was not produced at the 
Canberra bakery studied in this project, however the ovens are of similar operation, 
so results should be similar in Canberra.  It may be seen that the loaves on either end 
have lost more weight.  It is thought that this is due to the extra radiation these loaves 
receive from the oven walls. 
 
 
Figure 4.11: Oven shelf weight loss profile determined manually 
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No manual test has been done at the Canberra bakery, but it has recommended that at 
some stage this is performed.  A shelf weight loss profile that is constant amongst all 
varieties and baking temperatures may become apparent.  If not a constant profile, 
the profile should at least be directly related to oven temperature and loaf variety. 
 
If this profile can be predicted, it may be used for several reasons.  Initially, it should 
allow better prediction of the final weight loss variation.  Knowing the shelf weight 
loss profile may also be used to help line up loaf final weights with initial weights.  
This is discussed further in Section 6.8. 
 
4.5.2 Accurately Determining Weight Loss Variation Across the 
Oven Shelf 
To manually determine weight loss variation across the oven shelf is an extremely 
labour intensive task.  The loaves must be manually weighed before oven entry and 
then immediately after oven exit, removing them from the conveyor each time in 
order to do this.  Realistically, this can only be performed a small number of times - 
possibly not enough to build up a reliable ‘shelf weight loss profile’. 
 
Ideally, this ‘shelf weight loss profile’ would be known very accurately.  The best 
way to determine it would be to calculate the weight loss of each individual loaf after 
baking.  As discussed in Section 4.3, this is extremely difficult and is currently not 
possible. 
 
Another possible way to approach this problem uses simple image analysis to track 
loaves.  Several tins may be ‘embossed’ with a particular pattern - possibly a 
company logo or some other symbol that would not alarm consumers.  This pattern 
would then appear on the loaf after baking.  Several different patterns could be used, 
and would be distributed throughout the bakery.  This embossing technique is shown 
in Figure 4.12. 
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Figure 4.12: Embossed pattern on loaf for recognition by image analysis 
 
Using a basic frame-scan camera setup, at the point where loaves enter the tin, the 
embossed tin would be recognised and the weight of the loaf entering the tin would 
be recorded. 
 
At the entry to the oven, another frame-scan camera setup would be used to ascertain 
the time that the strap entered the oven and more importantly, the position of the 
strap on the shelf. 
 
The final camera setup would be before the final scales.  The loaf would be detected 
and its weight recorded.  The weight loss of that particular loaf may then be 
calculated, since both its initial and final weights are known. 
 
Over time, a profile of the weight loss at different strap positions on the oven shelf 
would be built up.  Improvements to the oven could be made according to this.  It 
would also aid in predicting the variation of weights to be expected through the oven. 
 
4.5.3 Weight Loss During Single Product 
Weight loss also varies during the production run of one product.  This was shown at 
the beginning of this Chapter in Figure 4.1.  From a simple observation of this plot, it 
is apparent that the final weights do not vary in the exact same pattern as the initial 
weights.  There is significant variation in the experienced conditions of loaves 
passing through the bakery. 
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It is thought that the conditions experienced by the loaves in the oven are the most 
likely cause of these variations.  As discussed in Chapter 5, these conditions are not 
easily determined.  Using techniques presented there, if the loaf entry time is known, 
the temperature experienced by the loaf during baking may be determined.  This may 
then be compared to the weight loss for that particular loaf.  If performed for enough 
loaves, a pattern should emerge. 
 
4.5.4 Weight Loss Variations from Day to Day 
Weight loss of loaves also varies significantly over different days production.  An 
example of this is shown in Figure 4.13.  On one particular day (19-Sep), the weight 
loss was much higher, indicating different conditions experienced on that day. 
 
 
Figure 4.13: Plot demonstrating variations in weight loss from day to day 
 
Figure 4.14 shows final loaf weights corresponding to the weight losses shown in 
Figure 4.13.  It can be seen that although the average from the 19-Sep is below the 
others, it is still above the target weight.  However, as the average is closer to the 
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target weight, many more individual loaves are below target.  The individual loaf 
weights are displayed for two of the products so that this is apparent. 
 
 
Figure 4.14: Plot demonstrating variations in final weights from day to day 
4.6  Summary 
Several methods of measuring weight loss have been put forward and tested.  Using 
nothing but the weight data to do this gives a limited degree of success.  Ideally other 
data needs to be combined with the weights to give a satisfactory result.  A method 
of following products through the bakery process is needed and will be discussed 
later. 
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Chapter 5 - The Oven 
 
Apart from the mixing of appropriate ingredients, the oven is the most important 
baking process.  This is because most changes to the loaves occur here.  In this 
project, oven operation was examined more closely than any other section of the 
bakery. 
 
5.1  What Happens to Bread During Baking 
The processes that take place during the baking of bread are very complex.  Physical, 
chemical and structural changes occur to the loaf.  These are generally caused by 
temperature and moisture gradients through the dough (Zanoni, Peri et al. 1997).  
Moisture transport occurs as a result of several factors (Thordvaldsson and 
Skjöldebrand 1998). Starch gelatinisation absorbs water, protein denaturation 
releases water and the temperature rise at the surface of the loaf transports heat and 
moisture to the centre of the loaf. Additionally, the relative importance of the various 
transfer mechanisms varies between different stages during baking (Carvalho and 
Martins, 1992). 
 
Studies (De Cindio and Correra, 1995; Fahloul, Trystram et al, 1994) have shown 
that it is difficult to develop reliable models that correlate the physical characteristics 
of the product with the operating conditions it encountered.  Nevertheless, this 
correlation is extremely important when developing a control strategy for the oven. 
 
Additionally, the studies were done using conventional small baking ovens where the 
bread is stationary.  These ovens are much less complicated in operation than the 
industrial ovens used in large-scale bakeries. 
 
5.2  Oven Operation 
If oven operation can be optimised and controlled perfectly, considerable savings are 
to be made in energy consumption and improved product quality.  However the oven 
is a complex piece of machinery, so approaches such as finite element modelling or 
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finite difference equations have severe limitations with current levels of modelling 
technology (although they do provide some potential). 
 
The type of oven used in the bakeries investigated during this project were gas fired, 
radiation, indirect heating (through heat exchanger) ovens. These may consist of one, 
two or more separately operated ‘zones’. A separate natural gas burner heats each 
zone. The gas burner heats air in a duct. This duct then passes heated air to heat 
exchangers in the main oven cavity. Some of the heated air (less than 10%) is passed 
directly into the oven cavity.  The operation of a single zone is shown in Figure 5.1. 
 
 
 
Figure 5.1: Diagram of operation of a single oven zone 
 
The specific oven investigated consisted of two separate zones. The loaves enter in 
shelves containing 12 straps.  Each strap may hold 2, 3 or 4 tins.  The shelves pass 
through the oven, moving through the front zone first, then the back zone and back 
into the front zone again.  This is shown in Figure 5.2 below. 
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Figure 5.2: Diagram of oven operation 
 
Currently the oven is controlled by using a simple On/Off controller for each zone.  
A thermocouple in each zone provides the input for the controller.  This 
thermocouple is placed inside a metal tube and is located at the top in the middle of 
each zone. The effect of the metal tube is a ‘low pass filter’ to the oven temperature.  
This slows the response of the thermocouple, removing temperature spikes and 
causing the temperature measured to change more slowly.  This is required to limit 
the switching rate of the burners.   The switching rate must be kept fairly low (once 
every 2 - 5 minutes maximum) for reasons inherent to the burner design.  If switched 
too quickly, the burner may be extinguished completely.  If this occurs, a seven 
minute ‘purge’ time is required, by which time all the loaves in the oven would 
usually be wasted. 
 
The controller has three output states (so calling it an On/Off controller is not 
completely accurate).  The states are Off (Pilot), Low Fire and High Fire.  
 
Off (Pilot) - This mode is not completely off.  It keeps a pilot flame going so the 
entire oven does not have to go through a ‘purge’ sequence of 7 minutes when the 
burner is switched on again. The heat produced when the ‘Off’ mode is around 5% of 
that produced when the burner is on Low Fire. 
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- Low Fire - This is the mode that is used during most ‘normal’ operation of 
the burner.  
- High Fire - In this mode, more gas is supplied to the burner to increase oven 
temperature faster.  Generally, this mode is entered when the measured 
temperature of the oven is more than 4°C below the set-point. 
  
Bakery technical personnel may manually set the rate that gas is consumed in each 
mode of operation.  The rates cannot be adjusted during normal oven operation.  
Heat generated by the flame is proportional to the volume of gas consumed per 
minute. 
 
The table below is an example of real values used in an oven at one stage during the 
project. 
 
 Front Zone Back Zone 
Pilot ≈ 0.04 m3/min ≈ 0.04 m3/min 
Low Fire ≈ 0.38 m3/min ≈ 0.59 m3/min 
High Fire ≈ 0.67 m3/min ≈ 0.74 m3/min 
 
5.2.1 Shortcomings of Current Oven Design and Control Strategy 
There are several shortcomings of the oven design and current control methods. 
 
First of all, the actual temperature set-point for each value has not been optimised.  
They have been chosen empirically based on operator experience and factors such as 
loaf size.  These set-point temperatures need to be optimised for each variety. 
 
Due to various factors, the set-points are not conformed to.  A typical plot of oven 
temperature compared to the set-point is shown in Figure 5.3.  The operation of the 
oven burners is also shown.  It is obvious from the plot that the temperature in the 
oven does not accurately match the set-point.  There are other factors besides the 
burner states that are affecting the temperature.  Possible factors include changes 
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oven thermal load (due to gaps in production and different varieties) and changing 
ambient conditions. 
 
 
Figure 5.3: Plot of measured oven temperature, set-point and burner operation in both zones 
 
Much oven control discussion has been focused on controlling the temperature 
measured by the thermocouple connected to the oven temperature controller.  This 
temperature may not in reality be an accurate indicator of the parameters that affect 
loaf quality and weight loss.  The current sensor position was chosen empirically 
without much regard for its relevance to the quality of the bread.  It shows 
temperature at one point in the oven and has a delayed response due to the sensor’s 
construction. 
 
5.3  Factors that Influence Oven Temperature 
The various factors that influence the temperature in one zone of the oven are 
discussed here. 
 
Burner Status is the most obvious factor that influences oven temperature.  The 
temperature depends directly on the status of the gas burner in that particular zone. 
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The thermal load of the oven is affected by several factors. The most important of 
which is the thermal load provided by the loaves of bread and the tins in which they 
reside.  This is the most important factor because it is dynamic - the load is changing 
all the time. 
 
The material that the oven is made of provides most of the thermal load.  However, 
since this load is not changing, it is most significant only during start up.  Once the 
oven has reached operating temperature, it should lose heat through the walls at a 
fairly constant rate.  The aspect of the thermal load that most affects the oven 
temperature then, is the loaves and tins that are entering the oven.  Every time a new 
shelf enters the oven, the loaves and tins are cold and must be heated up.  If this were 
a constant disturbance, with a full load of equal loaves on every shelf, it may not be 
such an issue.  However there are often empty shelves passing through the oven.  
These are due to gaps in production. 
 
5.4  Oven Temperature Theory  
For industrial baking ovens, there is never one average temperature value that 
accurately describes the state of the oven at a particular time.  The temperature varies 
throughout the oven due to changing air velocities and radiation values.  The oven 
actually has a temperature function that depends on spatial position and time. 
 
),( txθ   
Where θ is the oven temperature, x is the spatial position in the oven and t is time 
 
The spatial position in the oven may be given as an (x,y,z) co-ordinate, however for 
modelling purposes it is easier to ignore the width and regard the oven as being two 
dimensional. It is known that there is a certain amount of temperature variation 
experienced across the shelf in most ovens. The effects of this are discussed in 
Chapter 4.  However it should be small enough to ignore here.  Spatial position may 
then simply be expressed as ‘shelf position’.  There are 48 different shelf positions in 
the oven that was studied here. 
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The temperature experienced by a loaf travelling through the oven may be expressed 
as a function of time, L(t).  This ‘perceived’ temperature is reliant on the loaves 
position in the oven at a particular time. That is, 
 
)),(()( ttxtL θ=  
 
5.4.1 Oven Temperature Profile Customising 
The loaf ‘perceived’ temperature function determines the quality of the loaf of bread, 
as it is linked directly to the loaf surface temperature, Ts(t) and the loaf inner 
temperature, Ti(t).  If L(t) can be controlled and customised, there are many 
advantages to be gained.  These include savings on energy consumption as well as 
improved transition between varieties requiring different set-points. 
 
Generally, in small ovens the temperature that bread is baked at is kept at a constant 
value throughout baking.  This is not necessarily the best approach however.  As 
discussed in (Kim and Cho 1997), as bread is baked, rising occurs first.  As this 
slows, browning occurs, until during the last half of baking, there is very little rising 
at all. 
 
The oven temperature required for rising is not as high as that required for browning.  
Therefore, if the temperature is kept slightly lower during the first half of baking, 
then increased for the second half to assist browning, energy savings are possible 
while still maintaining a quality loaf. 
 
This is good in theory, however there are difficulties in putting this into practice in a 
two-zone industrial oven such as the one studied in this project.  This is because the 
loaves have to pass back through the lower temperature front section on the way out, 
making it difficult to have an increased temperature for the whole second half of 
baking. 
 
One possible solution to this is to further divide the oven up into zones that are 
controlled separately from each other.  This is the ideal solution, and would allow 
quite localised customisation of the temperatures.   However the required 
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modifications are quite extreme and would require much research and planning, as 
well as bakery downtime. 
 
So using the current two zones, a temperature profile must be defined that allows for 
the fact that loaves exiting the oven are experiencing a similar temperature as loaves 
entering. 
 
5.4.2 Product Transitions 
Another ideal application for oven temperature history customising is when there is a 
change of variety entering the oven.  Often, the new variety will require a different 
set-point in the oven.  With proper production schedule optimisation, the magnitude 
of the set-point change should not be excessive (certainly no more than 10 degrees).  
However the change still has to be made. 
 
Usually, the set-point in the front zone is changed when the first loaves of a product 
are entering the oven.  The back zone set-point is changed when the operator thinks 
the first shelf of the new product has reached the back zone. 
 
Obviously, in this set of circumstances, not every loaf is going to receive the same 
conditions as the others in its product. Consider the following scenario.  Assume a 
constant baking time of 28 minutes.  Variety ‘A’, requiring set-points of 200 and 
205°C for the front and back zones respectively, enters the oven at 0 minutes and 
continues until 28 minutes. Variety ‘B’, requiring set-points of 205°C and 210°C, 
starts at 30 minutes. 
 
A plot of the set-points experienced by a loaf of variety ‘A’, entering at 26 minutes is 
shown in Figure 5.4, compared to the recommended set-points for this variety.  It can 
be seen that the temperature actually experienced by this product is well over what it 
should be.  This would probably result in an over-cooked product that at best may be 
passable, or at worst may be burnt and/or underweight. 
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Figure 5.4: Set-points experienced by a loaf of Product ‘A’ entering at 26 minutes compared to 
the recommended set-points. 
 
Figure 5.4 shows the set-points that the loaf experiences; however in reality these are 
very different from the actual temperatures experienced.  The set-point of the oven is 
often a very inaccurate indicator of the temperatures loaves are experiencing, 
especially with current oven control methods. 
 
With the very best control methods, the time taken to raise the oven 5ºC would still 
be in the order of three to five minutes. 
 
The gap experienced between changes in varieties also affects the oven temperature.  
Generally, when several shelves enter without loaves on them, the temperature in the 
oven will increase.  The remaining loaves inside the oven will receive more heat and 
this may result in an overcooked product. 
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5.5  Relating Oven Temperature to Loaf Temperatures  
As stated earlier, the temperature actually experienced by the loaves of bread 
travelling through the oven is quite different from the temperature measured by the 
thermocouple connected to the oven temperature controller. 
 
To view this difference, it was desirable to obtain an accurate time-temperature 
profile of a loaf passing through the oven. Probably the most obvious way to achieve 
this is by placing a temperature sensor with a loaf as it passes through the oven. This 
sensor would then need to be connected to a data logger that is travelling with the 
loaf.  The logger would have to be designed to withstand temperatures of between 
180ºC and 300ºC.  Fortunately, BRI Australia Ltd produce a product called the 
‘Bakelog’, which is a data logger, about the size of a loaf of bread.  At the oven 
entry, the Bakelog may be placed in a tin in place of a loaf.  Temperatures are then 
logged as the tin passes through the oven.  A photo of the Bakelog in use is shown in 
Figure 5.5. 
 
 
Figure 5.5: The Bakelog in use. 
 
Several Bakelogs were sent through the oven, at different positions on the shelf and 
at different oven temperature set-points.  A typical example of the Bakelog 
temperature compared to the measured oven temperature is shown in Figure 5.6. 
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Figure 5.6: Plot comparing the measured temperature in the oven to the actual temperature 
experienced by the loaf 
 
From the plot it can be seen that the measured oven temperature varies much less 
than the Bakelog temperature. In one zone, the oven temperature seems to vary less 
than 5ºC whereas the Bakelog temperature varies by 45ºC or more.  This may be 
explained in part by the fact that the thermocouple used to measure oven temperature 
is placed in a metal pipe that delays its response. However, the variation is probably 
mostly due to the different temperatures experienced by the Bakelog in different 
parts of the oven. 
 
If this variation throughout the oven is constant all the time, it may be related back to 
the measured oven temperature so should not be a problem. However this is not 
strictly the case.  Another plot is included (Figure 5.7) to show that the Bakelog 
temperature profile differs from Figure 5.6.  It can be seen that there are some rough 
similarities between the two plots (eg the dip after 10 minutes).  However the two do 
not relate to the measured temperature enough to make this a reliable way of 
estimating the real temperature experienced by the loaves. 
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Figure 5.7: Another plot comparing the measured temperature in the oven to the actual 
temperature experienced by the loaf. 
 
5.5.1 More Temperature Sensors 
A method needs to be determined to accurately estimate the temperature experienced 
by loaves in the oven.  One way would be to install temperature sensors on each 
shelf.  This would provide an accurate temperature reading experienced by the shelf. 
However installing a sensor on each shelf and setting up the hardware so that the 
signals may be received while the shelves are moving would be quite difficult 
(although this option may be pursued at some point).  A simpler option to implement 
is to install extra temperature sensors around the oven.  It can be determined where a 
shelf is at a particular time, so a suitable temperature should be able to be resolved to 
correspond with that shelf. 
 
Duct temperatures are also worth measuring for several reasons. The temperatures 
experienced by the loaves are directly related to duct temperatures due to radiation 
from the heat exchanging rods.  Air from the ducts passes into the oven, so this is an 
intermediate temperature measurement in that regard.  Also, the duct temperature is a 
very important variable for automatic oven control. 
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The diagram below shows sensor placement in the oven.  Sensors 9 and 10 are 
located in the heating ducts at the bottom of the oven.  These ducts carry air 
throughout the oven as shown in Figure 5.1 but are only shown at the bottom in 
Figure 5.8 since that’s physically where the sensors are located. 
 
 
Figure 5.8: Diagram of thermocouple sensor placement in the oven. 
 
It can be seen that as a shelf of loaves passes through the oven, the temperature 
experienced should be related closely to certain sensors at different times.  The 
thermocouples currently used for oven control are located near sensors 2 and 3 in the 
diagram. The resulting temperature should only be correct when the shelf is in this 
region. 
 
Ideally, it would be desirable to be able to relate the temperature experienced by the 
loaves to one measured temperature.  This would reduce complexity of the control 
system.  This is not possible, so the best thing to do would be to get a reliable 
estimate by combining results from several sensors. 
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Equations may be developed to relate the oven temperatures experienced by the 
loaves to the temperatures measured by the thermocouples in Figure 5.8.  This may 
be done at any number of points around the oven.  The equations for calculating the 
actual experienced temperature at a certain point would have the format shown in Eq 
5.1. 
 
][)])(].[([*][)]([ 21 posTCpospos FtTCFtT +=      Eq 5.1 
 
Where: 
[Tpos(t)] is the array of calculated loaf-perceived temperatures at particular defined 
point in the oven. 
[C] is an array of coefficients that describe the relative weighting that each sensor 
has on the oven temperature at each point. 
[TTC(t)] is an array containing the temperatures measured by the thermocouples at the 
time ‘t’. 
[F1pos] is a multiplication coefficient particular to this position. 
[F2pos] is a constant to be added to the final result, particular to this position. 
 
The coefficient F1 is not strictly necessary since it may be included in the factors in 
[C].  However, if the relative effects of various thermocouples are known, then F1 
may be easily used to fine-tune the model, rather than re-calculating every coefficient 
each time. 
 
An example equation for the temperature at shelf 24 is shown in Eq 5.2. 
 
2424,4324,3124 )**(*)( FTCTCFtT TCTC ++=      Eq 5.2 
 
From observing the positioning of the sensors in Figure 5.8 above, it was thought 
that it might have been possible to obtain a reliable estimate of the temperature 
experienced by loaves by taking measured temperatures from sensors 2, 3, 4 and 7 at 
the appropriate times.  The fewer sensors used, the better since it keeps the whole 
process simple.  However localised temperature fluctuations mean that these sensors 
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are not indicative of temperatures at all points around the oven.  Therefore, all the 
sensors were considered when determining the temperature. 
 
5.5.2 Bakelog Matching by Geometrical Calculation  
A technique had to be developed that would take temperature data from various 
sensors and produce from them a plot of the temperature experienced by a loaf. 
 
First of all, an estimate of the required accuracy had to be determined.  This was 
arbitrarily decided to be +/- 7ºC. If this type of accuracy can be achieved, then an 
attempt can be made to correlate the loaf experienced temperature profile with 
factors such as weight loss. 
 
There are 48 different shelf positions in the oven.  Conceivably, a separate 
temperature could be calculated for every shelf position, but this is probably not 
necessary.  If the temperature is calculated for around 8 of the positions, this should 
be enough to develop a usable temperature profile. 
 
Initially, nine shelf positions were studied.  These are shown in Figure 5.9. 
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Figure 5.9: Shelf positions 
 
Equations must then be deduced to describe the temperature at the various positions 
in terms of the measured thermocouple temperatures (as in Eq 5.1).  This was 
initially done by looking at the geometry of the oven.  Some optimisation of the 
equations was performed by further experimentation. 
 
One issue that was considered was whether to include oven thermal load and burner 
operation in the equations or not.  Currently, since no firm estimate of oven thermal 
load can be made, it was not practical to include it.  Additionally, the thermal load 
should be reflected in the measured temperature values.  That is, if the load 
decreases, the temperatures should increase. Therefore, the thermal load is, in effect, 
being considered. 
 
Burner operation may be included in the equations by way of including the duct 
temperature.  Since duct temperature is directly related to the burner operation, there 
is no need to further include it.  In these initial estimations, duct temperature ignored 
as well. 
 
The results of these equations were not entirely satisfactory, which is why the 
regression technique was investigated later (see Section 5.5.3). 
 
Shelf Position 1 
This is the temperature experienced at the initial shelf position.  The temperature is 
still rising very steeply, so it is difficult to produce an accurate solution.  It seemed 
that the best approach was to take the reference (ambient) temperature, then add a 
proportion of TC 2 (See Eq 5.3). 
 
21 *2.0 TCREF TTT +=         Eq 5.3 
Shelf Position 7 
Sensor TC 2 is placed exactly where shelf 7 is (see Figure 5.8), so it follows that the 
temperature experienced here should be the same as that measured by TC 2. 
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27 TCTT =          Eq 5.4 
Shelf Position 12 
This shelf position is on the border between the Front Zone and the Back Zone.  It 
should be related to several sensors in fixed proportions.  It is assumed that the effect 
of the temperature measured by the other sensors on the temperature at the shelf 12 
position decreases in proportion to the square of the distance from the other sensors.  
That is, looking at the distances involved as shown in Figure 5.10, thermocouples 6 
and 5 will only have half the effect of thermocouples 2, 3 and 11.  Additionally, the 
effect of all temperatures should add up to one. 
 
 
Figure 5.10: Diagram of thermocouple sensor placement around shelf position 12. 
 
So the equation for this position may be expressed as follows. (The ‘5’ constant at 
the end was deemed necessary to produce an accurate result.) 
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5)(125.0)(25.0 65113212 −++++= TCTCTCTCTC TTTTTT    Eq 5.5 
Shelf Position 18 
Sensor TC 3 is placed exactly where shelf 18 is (see Figure 5.8), so it follows that the 
temperature experienced here should be the same as that measured by TC 3. 
 
818 TCTT =          Eq 5.6 
Shelf Position 24 
Sensor TC 8 is placed exactly where shelf 24 is (see Figure 5.8), so it follows that the 
temperature experienced here should be the same as that measured by TC 8. 
824 TCTT =          Eq 5.7 
Shelf Position 30 
Sensor TC 4 is placed exactly where shelf 30 is (Figure 5.8), so it follows that the 
temperature experienced here should be the same as that measured by TC 4.  In 
reality, it was found that a slight correction (minus 12˚C) was necessary. 
 
12830 −= TCTT         Eq 5.8 
Shelf Position 36 
This shelf position is similar to position 12 discussed above. In this case, the 
equation would be as follows. 
 
)(125.0)(25.0 65114736 TCTCTCTCTC TTTTTT ++++=     Eq 5.9 
Shelf Position 41 
Sensor TC 7 is placed exactly where shelf 41 is (see Figure 5.8), so it follows that the 
temperature experienced here should be the same as that measured by TC 4. 
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441 TCTT =          Eq 5.10 
Shelf Position 48 
This is the temperature experienced at the final shelf position. The temperature is 
falling very steeply, so it is difficult to produce an accurate solution.  It seemed that 
the best approach was to take the reference (ambient) temperature, then add a 
proportion of TC 7. 
 
748 *2.0 TCREF TTT +=         Eq 5.11 
5.5.3 Using Multiple Regression  
A more mathematical way of establishing a relationship between temperatures is to 
use a Multiple Regression method.  Regression analysis is a statistical tool used to 
evaluate the relationship of one or more independent variables to a single dependent 
variable (Kleinbaum, Kupper et al. 1998). 
 
It was decided to use the ‘least-squares method’.  In this method the sum of squares 
of the distances between the observed responses and those predicted by the fitted 
model are minimised. 
 
In matrix form, the equations for a set of n observations of the variables X and Y can 
be described as follows in Eq 5.12.  There are p independent variables. 
11)1()1(1 ××++×× += nppnn EXY β        Eq 5.12 
 Where: 
Yn×1 is the vector of observations of Y, the dependent variable.  In the oven case, this 
is the Bakelog temperatures.  
Xn×(p+1) is the matrix of independent variables (the measured temperatures).  In this 
case, a constant term is included in the equation, meaning the first column of this 
matrix is made up of ones.  
β(p+1) ×1 is the vector of parameters.  
En×1 is the vector of random errors. 
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For the least-squares solution, the vector β must be found that minimises the error 
sum of squares, given as: 
)ˆ).(ˆ( ββ XYXY −−         Eq 5.13 
 
The solution is obtained using matrix calculus.  The result is the following formula 
(Kleinbaum, Kupper et al. 1998). 
 
YXXX ')'(ˆ 1−=β         Eq 5.14 
 
In addition to the measured temperatures, it was decided to include the zone set-
points in the calculations.  This was because, although they are not a direct measure 
of oven temperature, the target temperature of the oven may assist in regression 
calculations. 
 
5.5.4 Low Pass Filtering 
First of all, it was decided to use a low pass filter on both the Bakelog temperatures 
and measured temperatures.  This removes spikes from the readings.  Since the 
temperature would only be calculated at only 9 points anyway, using the low pass 
filter means that average values are being used to calculate this. 
 
The low pass filter was in the form of Eq 5.15. 
 
1)()1( *2.0*8.0 ++ += nnLPnLP TTT       Eq 5.15 
 
Where: 
TLP(n+1) is the new low pass value at reading n+1 
TLP(n) is the last calculated low pass value - taken at n.  
Tn+1 is the new value to include in the equation. 
 
The result of this low pass filter will be skewed to the left on a plot, so it is applied 
twice - once in each direction to negate this effect.  A Microsoft Excel macro was 
written to achieve this called “LowPassFilter”.  The same macro may be adapted to 
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produce a ‘moving average’ type plot for any data.  If a high pass filter is required, 
the low pass data may be subtracted from the original data. 
 
The values for the coefficients (0.8 and 0.2) were chosen after trying several values 
and finding one that seemed to remove smaller fluctuations, but allowed the general 
trend to remain. These values must also add up to 1. 
 
This low pass filter had to be run on entire oven temperature log file to produce a 
new version of the file.  The filter was not applied to the oven controller set-points 
though since they do not fluctuate like the temperature measurements.  The macro 
written to do this is called “ApplyLowPassOven”. 
 
5.5.5 Summarising Data and Conducting Regression 
The next step was to summarise the data into tables for each shelf position that was 
to have an equation calculated.  A set of macros was written for this purpose and is 
included in the Excel file ‘LoafTempMatch1.xls’ in the accompanying CD. 
 
Once the data was summarised, multiple regression could be used to determine an 
equation that would link the logged values with the Bakelog values.  Initially, some 
experimental analyses were performed using Matlab.  However, Microsoft Excel has 
a ‘Data Analysis’ add-in that includes a least-squares regression function.  This 
produced the same result as Matlab, as well as providing other useful data such as an 
ANOVA table.  Consequently, Excel was used for all analyses. 
 
For each shelf position, regression was applied using different combinations of 
sensors and set-points as well as with and without a constant added to the result.  For 
each  position, the combination that produced the smallest standard error was chosen. 
 
The resulting equations were as follows: 
• Shelf 1: T1 = 196.7173292 – 0.628156011 * TFrontSet 
• Shelf 7: T7 = 5.387972164 * TTC1 - 4.156714473 * TTC2 + 0.148774445 * 
TTC6 - 0.238491854 * TTC9 - 0.09388347 *  TTC11  
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• Shelf 12: T12 = -211.0229395 - 1.578279887 * TTC2 + 0.496360054 * TTC3 + 
1.011703726 * TTC5 + 0.879038101 * TTC6 + 0.780982166 * TTC9 + 
0.09005394 * TTC10 - 0.386066117 * TTC11 - 1.646295499 * TRef - 
0.530395111 * TFront Set + 1.097334762 * TBack Set 
• Shelf 18: T18 = -108.0199655 + 0.016949662 * TTC3 - 0.977398943 * TTC5 + 
0.996672884 * TTC8 + 0.703653912 * TTC10 + 0.574331447 * TTC11 
• Shelf 24: T24 = 0.75245021 * TTC3 - 0.904595329 * TTC4 + 0.68884679 * 
TTC5 + 0.85409769 * TTC8 + 0.524199217 * TTC10 - 4.171901864 * TRef - 
0.426291532 * TBack Set 
• Shelf 30:  T30 = 113.6870379 - 0.027495679 * TTC4 - 0.256318066 * TTC5 + 
0.458104141 * TTC8 + 0.197856776 * TTC10 + 0.097264111 * TTC11 
• Shelf 36: T36 = 80.15941214 + 1.094484134 * TTC4 - 0.123331581 * TTC5 + 
2.108730678 *  TTC6 - 0.846431646 * TTC7 + 0.017477456 * TTC9 - 
0.375953275 * TTC10 - 1.124735383 * TTC11 
• Shelf 41: T41 =  0.712016997 * TTC7 + 0.241042267 * TTC9 
• Shelf 48: T47 =  1.707543343 * TRef + 0.333720741 * TFront Set 
 
These equations obviously bear no resemblance to the equations determined by 
geometrical methods in the previous section. This should not be a problem, as long 
as the predictions made by them are acceptable. 
 
As stated above, the standard error was used to determine the best fitting equation.   
The standard errors for each shelf are included in the following table. 
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Shelf Standard Error 
1 16.72 
7 7.19 
12 4.39 
18 5.66 
24 5.66 
30 5.36 
36 2.78 
41 6.69 
48 15.26 
Table 1: Standard errors of calculated shelf temperature s 
 
It can be seen that the standard errors for the first and last shelves are significantly 
higher than the others.  This is to be expected since the temperature is changing at a 
great rate here. However, the inaccuracy of the estimation at these points is of little 
consequence since the lower temperatures experienced will not affect the loaves as 
much as at other points in the oven. 
 
All the other standard errors seem to suggest that the equations are working 
acceptably. 
 
5.5.6 Applying the Equations 
Once suitable equations have been defined to express loaf perceived temperature, the 
next step is to apply these equations. This was done using a set of macros for 
Microsoft Excel.  These macros may be applied from ‘Sheet 1’ of 
‘LoafTempMatch1.xls’ on the accompanying CD. 
 
The approach taken was to enter all relevant data on the worksheet (i.e. date, time 
and equation definitions).  The macros then obtain the data from here and produce a 
new file that plots the estimated loaf perceived temperatures, as well as other oven 
temperatures. 
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The macros also allow the ability to apply equations to other shelf positions in the 
oven.  This is achieved by selecting ‘TRUE’ or ‘FALSE’ at the beginning of the 
equation definition rows. 
 
5.5.7 Discussion of Results 
A few months after the initial Bakelog samples were taken, a few more runs were 
performed to check the accuracy of both the geometrical and regression predictions 
of loaf perceived temperature. 
 
Included here are two plots,  Figure 5.11 and Figure 5.12.  Each shows the low 
passed Bakelog recorded temperatures, along with the temperature calculated using 
both the geometrical and regression formulas. These have all had curves fitted by 
Microsoft Excel. 
 
 
Figure 5.11: Bakelog values compared to estimated loaf-perceived temperatures – Test 1.  (The 
light blue lines are arbitrary and assist with estimating closeness of the two estimated values)  
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Figure 5.12: Bakelog values compared to estimated loaf-perceived temperatures – Test 2.  (The 
light blue lines are arbitrary and assist with estimating closeness of the two estimated values) 
 
It may be seen form the Figures that both estimates perform reasonably well.  In both 
cases, there is little difference between the performances of the different formulas.  
The original aim was to be able to predict oven temperature to within ±7°C.  This has 
been successful over most of the range. 
 
It is suggested that to produce an accurate loaf-perceived temperature profile, more 
Bakelog runs would have to be performed.  Additionally, a regression analysis 
should be performed at more points inside the oven.  This would be relatively easy to 
do, using the macros already included in ‘LoafTempMatch1.xls’.  With more 
Bakelog data and more oven points, an accurate solution that aids in the linking of 
oven conditions to weight loss should be forthcoming. 
 
5.6  Matching Loaf Temperatures to Weight Loss 
Once a reliable method has been developed to calculate the temperatures experienced 
by loaves passing through the oven, these temperatures must be related to the loaf 
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quality.  The way this project seeks to achieve this is through loaf weight loss. 
Methods of determining weight loss are discussed in Chapter 4. 
 
As an example, the weight loss and loaf-perceived temperatures were calculated for 
various shelves during the first product run on 03/10/2000 at Buttercup Bakery, 
Canberra.  A plot of the percentage weight loss for the first one thousand loaves is 
shown in Figure 5.13.  The percentage weight loss is used because it should negate 
the effects of different sized loaves. 
 
Figure 5.13: Weight loss for the first one thousand loaves of Product 1, 03/10/2000.  The 
numbers on the Wt Loss series refer to the shelf number. 
 
The weight loss in the plot was calculated using ‘Alignment by Beginning’ of the 
weight data files (See Section 4.2.1).  It was done this way in preference to 
‘Alignment by Extension of Final Weights’ (Section 4.2.2) because the calculations 
needed to be as close to loaf-by-loaf as possible.  Although the alignment by 
beginning method becomes more inaccurate over the product run, the effects of this 
were ignored since only the first one thousand loaves were used.  The entire product 
run consisted of 2768 loaves.  There is still a potential inaccuracy in the weight loss 
calculation of about forty loaves (or about one shelf).  For this reason, only general 
trends in weight loss were investigated. 
 90
 
Using the data logged from the sensor at the oven entrance sensing straps entering 
the oven (See Section 3.6.5), the entry time of each shelf may be approximately 
determined.  This is achieved by looking at the gaps between sensor operations.  If 
the gap is more than about 5 seconds, the gap is too large to be considered part of the 
same shelf, so a new shelf is assumed.  The last time before the larger gap is assumed 
to be the approximate time that the shelf entered the oven.  In reality, this will be 
several seconds before the shelf enters the oven as sensed by the oven shelf 
movement relay.  This approximate entry time was then used as the time of entry for 
the loaves in the macro discussed in Section 5.5.6 above. 
 
The equations used to calculate temperatures were those determined by geometrical 
calculation in Section 5.5.2 above.  These calculations were performed for the 
shelves marked in Figure 5.13. 
 
The results for some of these shelves are displayed in Figure 5.14.  It can be seen that 
the weight loss does not correlate with the temperatures experienced.  This is not 
unexpected for several reasons.  These are discussed below in Section 5.6.1.  Oven 
load may need to be considered as well. 
 
Figure 5.14: Weight loss compared to loaf-perceived oven temperature for several shelves. 
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Figure 5.15 shows the percentage oven zone load against the weight losses for the 
same shelves.  This is the percentage of full load (in terms of number of tins) for the 
zone that the loaf is in.  As a summary, the data is also tabulated below. 
 
 
 
Figure 5.15: Weight loss compared to oven zone load for several shelves 
 
Shelf Number Wt Loss Wt Loss (grams) Ave Temp 
(°C) 
Ave Load (%) 
2 14.3 79.8 173.2 55.2 
5 15.4 83.9 172.2 65.5 
9 14.3 78.3 171.8 75.7 
16 15.8 88.6 173.2 84.5 
26 15.3 83.7 173.8 87.5 
Table 2: Weight loss compared to oven zone load for several shelves 
 
A regression analysis was performed on this table to see if there was a relationship 
between the load, temperature and weight loss, but a standard error of 0.77 was the 
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result.  This is too high to assume a definite relationship when differences in the 
percentage weight loss of only 1.5 % are observed. 
 
5.6.1 Possible Causes of Errors 
As mentioned above, it was not unexpected that the weight loss did not correlate with 
oven temperature.  In addition, including percentage oven load did not improve the 
correlation.  There are several reasons that may be the cause of this. 
 
Firstly, the above analysis was performed at the beginning of the day’s production.  
When the first shelves were entering the oven, the oven was almost empty.  This may 
have had an effect on the result.  It would have been better to perform the analysis on 
a product in the middle of normal production.  This was undertaken, however results 
were comparable, with no definite correlation between weight loss, temperature and 
percentage zone load. 
 
The weight losses used in the analyses may not be entirely accurate.  An effort was 
made to minimise any errors by only using the first 1000 loaves in the product.  
However there was no way of telling whether a large number of loaves had been 
removed from the production line, or even whether the oven entry times were 
entirely reliable.  This is especially the case for products in the middle of production 
since their oven entry time was determined by simply observing the gaps at the initial 
checkweigher and at the oven and trying to align the two. 
 
The loaf-perceived temperature profiles used may have errors. This was discussed 
earlier this chapter in Section 5.5. 
 
Even though oven load was taken into account, the method used is not a completely 
accurate indication of the thermal load in the oven.  If the true thermal load was 
taken into account, it is likely that the results would be better.  Oven thermal load is 
discussed more thoroughly in the next section. 
 
The method presented here has much potential to discover the link between oven 
conditions and loaf weight loss.  To improve results, the errors discussed above 
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should be minimised and many similar analyses carried out.  With the use of data 
processing macros in Microsoft Excel, the analyses should be able to be almost fully 
automated. 
 
5.7  Oven Thermal Load 
Calculating the thermal load in the oven is a very important step for control purposes.  
It is thought that the thermal load affects the temperature extensively, yet it is not 
taken into account during day-to-day operation of the bakery.  It is quite common 
that if there is a large gap in production and many empty shelves enter the oven, 
loaves on either side of the gap are often over cooked. 
 
A simple way to estimate the oven thermal load has been used during this project.  
By having a sensor counting loaves as they entered the oven, sensing the shelf 
movements in the oven and knowing how many shelves the oven has, the load can be 
calculated.  This is expressed as a percentage of full load (in terms of the number of 
straps in the oven).  This is shown in Eq 5.16. 
 
M
nL i
m
i )(1=∑=          Eq 5.16 
 
Where: 
m is the number of shelves in the oven. 
n is the number of straps on a particular shelf. 
M is the maximum number of straps in the oven. 
 
The shortcoming of this approach is that all loaves are regarded as having the same 
effect on oven thermal load.  In fact, the loaves nearing the exit of the oven, being 
fully heated would constitute a much smaller thermal load than the loaves just 
entering the oven. 
 
Additionally, the oven consists of a huge amount of material, constituting a large 
thermal load. This part of the thermal load is most relevant when the oven is heating 
up.  Once the oven is at operating temperature, the thermal load of the oven itself 
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plays a smaller part since it is very hot already compared to the cold loaves and tins 
entering. This still does need to be quantified however. 
 
The heat energy required to heat an object is expressed in Eq 5.17. 
 
TcmQ p ∆= ..          Eq 5.17 
 
Where: 
Q is Heat in kJ 
m is the mass of the object in kg 
cp is the specific heat at a constant pressure 
∆T is the change in temperature of the object. 
 
There are several ways this may be applied to the oven thermal load.  First, the 
properties of the loaves and tins must be investigated. 
 
5.8  Thermal Load from Tins 
The baking tins are made from steel.  This has a specific heat of 0.473 kJ/kg.°C.  
Tins are arranged into ‘straps’.  These may contain 2, 3 or 4 tins.  The calculations 
here will be done with a 3 tin strap. The weight of the strap is taken to be 4.35 kg.  
During baking, it is assumed the tin will rise in temperature from its entry point of 
around 40°C to nearly the oven temperature. 
 
kJQtin 288)40180(*473.0*35.4 =−=      Eq 5.18 
 
So it would take about 288 kJ to take the temperature of one strap from 40°C to 
180°C.  There are twelve straps on a shelf, so to raise the temperature of a whole 
shelf would require 3456 kJ. 
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5.9  Thermal Load from the Dough 
Thermal properties for dough are more difficult to estimate than for the tins.  The 
properties of the dough change according to bake time, temperature and spatial 
coordinate.  To include the actual physical properties at every point in the dough at 
every temperature, an approach such as a finite difference method would be needed 
(Zanoni, Pierucci et al. 1994).  In the case here, what is required is not a complete 
model of heat transfer within a piece of dough. What is required, is to have some 
idea of how much heat will be needed to bake the bread, and what this rate of heat 
usage will be at different stages during the baking process.  Therefore, a more 
straightforward approach will be taken. 
 
5.10  Simple Approach Using Effective Properties 
Carvalho and Martins (1992) gives the following values for effective thermal 
properties of dough.  All properties are given from 30.0°C to 100.0°C.  Thermal 
conductivity is 0.2 to 1.2 J/°C.m.s, product bulk density is from 110 to 82 kg/m3 and 
specific heat is from 4500 to 5300 J/°C.kg. 
 
The properties of the crust are not included in the above values since it makes up 
such a small proportion of the entire volume.   
 
5.11  Modelling Oven Temperatures (Proposed Method) 
As discussed above, producing a mathematical model of the oven would be 
extremely difficult to do accurately due to the complicated nature of the oven’s 
construction and operation.  A simplified model can be produced which may give 
some useful information about the oven’s operation.  It may even be tuned. A simple 
approach to modelling the oven is shown in the diagram below.  There are two state 
variables, the temperature in the duct and the temperature in the oven.  One of the 
major assumptions made in this model is that the temperature of the oven is taken to 
be constant throughout the oven.  In reality there are many variations due to air flows 
and movements of loaves inside the oven. 
 
 96
 
Figure 5.16: System diagram of typical bakery oven 
 
The rate of change of the duct temperature is proportional to several factors as shown 
in the following equation. 
 
VcTTbTTa
dt
dT
ambientductovenduct
duct .).().( +−−−−=     Eq 5.19 
 
Where a, b and c are constants depending on the oven characteristics.  V is the 
volume of gas in m3/min consumed by the burner. 
 
Similarly, the rate of change of oven temperature is also proportional to several 
factors. 
 
LfTTeTTd
dt
dT
ambientovenovenduct
oven .)().( +−−−=     Eq 5.20 
 
In the diagram, Toven represents the temperature in the oven and Tduct represents the 
temperature in the main duct.  Disturbances are mainly due to the changing load in 
the oven.  It should be remembered that this is quite a simplified representation of 
oven operation, but one that should meet the control requirements. Traditionally, 
oven control consists of a simple on/off controller that measures the internal oven 
temperature.  An operator sets the target temperature manually.  Baking temperatures 
for different varieties are not optimised and disturbances such as changing oven load 
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are not allowed for. Using such recorded oven values, and the model in Figure 5.16, 
a set of state equations may be derived which result in the following. 
 
ovenduct
duct TcTbVa
dt
dT
... +−=        Eq 5.21 
 
LfTeTd
dt
dT
ovenduct
oven ... −−=       Eq 5.22 
  
Where a, b, c, d, e and f are constants depending on the particular oven, V is the 
volume of gas in m3/min and L is the oven load. Instead of the current method of 
controlling oven temperature, an improved approach would be to control the duct 
temperature Tduct according to a demanded value of oven temperature Toven.  The 
actual position that the measurement is taken from should be optimised as well. 
Feed-forward and feedback control are the two apparent methods to improve oven 
control. These methods involve not only maintaining a target temperature, but also 
calculating what the value of the target should be.  Problems with traditional 
feedback methods of control arise due to several factors.  Many varieties only run for 
a short time - around ten minutes. Baking time is around 30 minutes, so if product 
quality is measured at the end of baking, it is too late to feed back data that may 
improve oven conditions.  In practice, feed back times can be further increased 
because the product generally undergoes an hour of cooling before qualities may be 
measured.  
 
Results of the above method had not been determined at the time of publication. 
 
5.12  Conclusion 
The oven is a pivotal process in the bakery.  Several ideas for customising and 
optimising loaf-experienced temperatures for different products have been proposed.  
A method of correlating loaf temperature with measured oven temperatures has been 
proposed and tested with limited success, re-iterating the difficulties in predicting 
oven behaviour.   Some initial attempts were made to correlate oven temperatures 
with weight loss of loaves.  It was realised that many more factors had to be 
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considered.  One of these was thermal load in the oven, which was investigated.  
Finally a simplified mathematical model was proposed, but has not at this point been 
tested. 
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Chapter 6 - Product Following and Reporting 
In this chapter, the topic of following products through the bakery and compiling the 
resulting data into reports is discussed.  Out of the techniques tested, the technique 
showing most promise is the post-production logical processing of data.  With a few 
additions outlined, it could become a very useful tool in bakeries. 
 
6.1  Why Follow Products and Loaves? 
There is much potential information to be logged in a bakery.  For example, weight 
of loaves, temperatures, relative humidities and loaf counts, just to name the basic 
ones. This data has limited use unless it can be related to data from other points in 
the system. For example, the difference between initial weights and final weights of 
loaves may be calculated to obtain weight loss - an extremely useful variable. Weight 
loss may then be related to oven conditions, baking time, yeast levels and other 
measurements. 
 
To calculate values accurately, such as oven temperature for a certain loaf of bread, 
the position of the bread in the bakery at a certain time must be accurately known.  
Since different loaves and products can look very similar, it is very difficult to tell 
which loaf or product is where. 
 
6.2  Product Following Software 
Products are ‘tracked’ through the bakery via data processing algorithms.  Initially, 
in the development phase, product following software was written as a macro in 
Microsoft Excel and utilised pre-recorded data from the bakery.   The macro read 
each file separately and placed the resulting processed data into a summary file. 
 
Microsoft Excel was chosen as the software to manipulate the data because the use of 
macros makes data processing extremely easy. The language used to write the 
macros is Visual Basic - a simple language that is also used in other aspects of the 
project.  Also, a graphical or tabular summary of the data is easy to produce and 
manipulate in Excel. 
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Several methods of tracking products through the bakery have been investigated.  
The first three are post-processing methods.  That is, the processing is done at the 
end of the day with a view to produce a summary report.  The last method involves 
real-time processing of the data. 
 
6.3  Post Production Estimation Exclusively Using Weight 
Data 
This technique of processing the bakery data uses the initial and final recorded 
weights of loaves.  The initial product numbers are used in all processing methods to 
describe which variety is at the beginning of production.  These can be regarded as 
accurate. At the point where final weights are measured, a bakery operator enters the 
product number in the scales, according to which product is passing through.  This 
value is usually accurate and may be used ‘line up’ weights from the beginning and 
end of the bakery. The approximate delay times between processes are known, and 
these approximations may be used to calculate process conditions when products 
were passing through. 
 
Advantages: 
- Avoids much of the complicated data processing required of other methods 
(eg correlation of gaps (Section 6.4) and  Post-Production Logical Processing 
(Section 6.5) 
- Results should not be as prone to processing errors due to unusual 
occurrences such as product removal. 
 
Disadvantages: 
- Final product numbers are not always accurate due to the operator’s difficulty 
in determining exactly which product is at the divider.   
- Estimations of times that the product entered processes will always be at least 
slightly inaccurate. 
 
This approach is good for calculating average weights at the beginning and end, as 
well as average weight loss for a product. The data it gives for the other processes 
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(oven, prover etc) is not very accurate.  It has been used during the project to produce 
basic summary reports at the end of production.  This method was used since the 
actual ‘Product Tracking’ software was not yet fully developed. 
 
6.3.1 Product Reporting Macro File - ‘Produce Report Generator 
1.xls’ 
This is the Microsoft Excel file where all the macros for processing data via ‘Post 
Production Estimation Exclusively Using Weight Data’ are located. 
 
The workbook contains three sheets - ‘Products0’ – containing product data from the 
divider checkweigher, ‘Products1’ and ‘Products2’, containing product data from the 
two final checkweighers.  ‘Products0’ also contains several other pieces of 
information. 
 
The product data stored for each checkweigher is – Product Number, Product Name, 
Under Weight, Pass Weight, and Over Weight.  ‘Products0’ also contains the number 
of loaves in a strap for each product and the corresponding final product numbers. 
 
A selection of ‘Products0’ is shown in Figure 6.1.  It shows the product data for the 
initial checkweigher.  The user of the software must enter data for columns ‘F’ and 
‘I’, the ‘Loaves in Strap’ and ‘Final Product Number’.  The ‘Loaves in Strap’ value 
is simply the number of loaves in the type of strap used for that particular variety. 
This is used when numbers of loaves are to be calculated from the number of straps 
that were counted.  This value is not required for report generation at the moment 
since product counts at mid-way points in the production process are not being 
calculated.  It will be necessary for when they are though.  The ‘Final Product 
Number’ is the corresponding final product number to that product’s initial product 
number.  This is used to match up products at the beginning and end of the process. 
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Figure 6.1: Part of sheet ‘Products0’ in ‘Product Report Generator 1’.xls 
6.3.2 Matching Initial and Final Weight Product Numbers 
In order for this product reporting macro to be successful, the corresponding product 
numbers at the beginning and end of production must be known. 
 
It is not always straightforward to match final product numbers with their 
corresponding initial products.  This is because product names at the beginning and 
the end of production are not stored in the checkweighers as the same name and also, 
the order of storage is different. 
 
A recommendation for the bakery is to create a standard method of entering data into 
the checkweighers.  Each product should be spelt the same at the divider and the 
slicer checkweighers. Also, the product numbers should be corresponding.  (i.e. 
product 1 at the divider is product 1 at the slicer etc.)  If this recommendation were 
applied, entering the final product number data would be unnecessary. 
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6.3.3 Other Data 
There are also several other items that are to be entered.  If the product report is to be 
generated through the Product Performance Indicator software (discussed below), 
then these items do not need to be entered as the PPI enters them automatically.  
However if the product report generator is to be used directly from Excel, their 
values should be checked. 
 
 
Figure 6.2: Other data to be entered in sheet ‘Products0’ in ‘Product Report Generator 1’.xls 
 
6.3.4 Data to be entered: 
The date that data is to be processed for is to be entered in cell ‘M2’. 
The directory where the data is logged is to be entered in cell ‘N2’ 
The directory containing the file that is the pattern of the report to be generated is 
entered in cell ‘Q2’. 
 
Cell ‘O2’ states whether the product report generation was successful or not in terms 
of macro operation.  If there were any errors, this cell’s value is ‘FALSE’ and the 
reason for failure is entered by the macro in cell ‘P2’. 
 
6.3.5 Manually Running the Macro 
To run the macro form within Microsoft Excel, press Alt+F8 or ‘Run Macro’.  Run 
the macro entitled ‘DATAPROCESSBYWEIGHTS’.  This is the main macro that 
calls all other sub procedures that do the data processing.  For precise operation 
information, all of the procedures are commented within the macro (see 
accompanying CD). A basic flowchart showing the operation of the macro is shown 
in Figure 6.3. 
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Figure 6.3: Flow chart of data processing algorithm to produce production report 
 
The step in the flow chart entitled ‘Fix erroneous product numbers’ is necessary 
because for an unknown reason, an ASCII character may not be received in the 
product number part of the data sent from the checkweighers.  For example, during 
product ‘19’, a product number of ‘9’ or ‘1’ may be recorded.  Fixing the erroneous 
product numbers consists of looking at the product number in the weight entry before 
and after every entry.  If they are both the same, but different from the current entry, 
the current entry is changed. 
 
6.3.6 Running the Macro from the PPI Software 
The Product Performance Indicator software has the ability to access the report 
generation macro in ‘Product Report Generator 1.xls’.  A brief description of how 
this is achieved is included in Section 3.11.  The PPI also updates product data in the 
workbook whenever data is updated at the checkweighers. 
 
6.3.7 Resulting Product Report 
An example of a report produced is shown in Figure 6.4.  Most of the product counts 
suggest that the reporting is being done quite accurately.  There are 
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several products for which the product counts are not accurate though.  For example, 
there are no final weights for product 14.  This is because of mistakes in the setting 
of product numbers at the final checkweighers at the bakery. 
 
Also, for product 13, there were no product heights recorded. This was a very short 
production run, so a slight inaccuracy of time calculations means that the wrong 
heights or no heights would be recorded. 
 
 
Figure 6.4: Example of product report produced by macro in ‘Product Report Generator 1.xls’ 
 
6.4  Correlation of Gaps 
Correlation is a well-known mathematical method of determining the relationship 
between two sets of data.  The method may be applied to gaps between loaves to 
determine product change gaps at various points in the system. 
 
Advantages: 
- Mathematically sound approach 
- Can eliminate problems due to production stoppages and loaf removal 
 
Disadvantages: 
- Data must be post-processed, i.e. no real time correlation may be easily done 
- Takes much more processing time 
- If stoppages and removals are too frequent, the correlation will not work. 
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6.4.1 Description of Gap Correlation Approach 
Some example plots of the gaps experienced in a bakery are shown in Figure 6.5.  It 
can be seen that there is a similarity between gaps experienced at the Divider and the 
Prover entry.  This occurs even though the gaps being sensed at the Prover are 
between tins whereas the gaps sensed at the Divider are between individual loaves. 
 
 
Figure 6.5: Plots showing gaps between loaves/tins at the divider/prover. 
 
The correlation product tracking technique seeks to establish a relationship between 
product change gaps by correlating the gaps at a point in the system with gaps 
measured at an earlier point. If this is done for several points throughout the bakery, 
product change times should be calculated accurately. 
 
In Figure 6.5, Product 2 is marked both at the Divider and the Prover.  If this 
product’s starting and finishing times are known at the Divider, then the times at the 
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Prover are obvious from visual inspection of the plot.  This may not be the case for 
all products however. 
 
As an example of the correlation technique will be discussed for Product 2.  First of 
all, the data needs to be sorted correctly. The data that is recorded directly from the 
bakery is logged every time a loaf/tin passes the sensor.  This means that the array of 
sensor times will be a different size for each sensor, and the gap between entries will 
change.  For correlation, gap arrays need to be of the same length, and the time 
between entries must be the same. 
 
So a standard time array must be produced.  In this case, the standard time array used 
had an entry every 5 seconds.  This value was chosen because it is small enough to 
allow all gaps to be recognised but large enough to minimise processing time. 
(Longer arrays require more processing time).  An example of the raw data is shown 
below.   
 
: : 
0:51:16 0:00:01
0:51:18 0:00:01
0:51:18 0:00:01
0:51:19 0:00:01
0:52:13 0:00:54
0:52:15 0:00:02
0:52:16 0:00:01
0:52:16 0:00:01
0:52:17 0:00:01
0:52:18 0:00:01
0:52:19 0:00:01
: : 
 
A macro was written to match the sensor data to the standard time array.  An 
example of the type of output it provides is shown below. 
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: : 
0:51:15 0:00:01
0:51:20 0:00:54
0:51:25 0:00:54
0:51:30 0:00:54
0:51:35 0:00:54
0:51:40 0:00:54
0:51:45 0:00:54
0:51:50 0:00:54
0:51:55 0:00:54
0:52:00 0:00:54
0:52:05 0:00:54
0:52:10 0:00:54
0:52:15 0:00:01
: : 
 
 
Once the gap data has been matched to a standard time array, it must be decided how 
to do the correlation.  It is known when a product starts at the Divider since the 
product number is recorded.  The approach then used was to take the start of the gap 
at the product change as the beginning point in the correlation. The end point of the 
correlation was taken as 2000 samples after this.  The ‘Divider Gaps’ series in Figure 
6.6 shows all values that were correlated to the Prover values. 
 
It was decided that taking 2000 samples for correlation was better than using only the 
samples from the particular product being analysed.  This is because some products 
only run for a short time, meaning there may be as few as 60 sample periods with 
which to correlate - not enough to produce a reliable result. Taking 2000 samples 
means that about 2 3/4 hours of data is correlated. 
 
Before conducting the correlation, the estimated time that the product is expected at 
the next point should be calculated.  In the example case shown here, loaves are 
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expected at the Prover between 5 and 15 minutes after they have been recorded at the 
Divider.  This approximate arrival time at the prover is shown in Figure 6.6. 
 
 
Figure 6.6: Plot showing how correlation can show where the product change gaps occur 
 
The green line in Figure 6.6 shows the correlation that was performed .  The peak 
that occurs in the approximate arrival time region is the one that the correlation 
suggests is the start of the product at the Prover.  In this case, the correlation has 
proven successful with an accurate result. 
 
The problem with the approach used here is that it creates difficulties for correlating 
the final products.  That is, products that occur within 2000 sample periods of the 
final product will not have 2000 loaves to be correlated with.  In this case, it may be 
better to go ‘backwards’ with the correlation group.  The final sample in the 
correlation group would be where the product change is.  The first sample would be 
2000 entries before this.  When the correlation is performed, the resulting peak will 
be 2000 entries before the actual start time. 
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6.4.2 Other Correlation Issues 
Correlation of gaps has a great deal of potential to assist with product tracking in a 
bakery.  It does need to be used carefully however, with the addition of other 
information. 
 
When compared to techniques such as Post-Production Logical Processing (see 
Section 6.5), correlation involves more processing time, but has the advantage that it 
can remove some inaccuracies due to stoppages that were not sensed and product 
removal.  This is because the correlation may be done using data from many hours of 
production.  Using this much data to determine one time can overcome small 
inaccuracies due to product removal. 
 
Short stoppages may also not affect the result significantly since the variation in 
production time due to a short stoppage will only last until that section of bread has 
finished production.  If correlations are done for times of 4 hours or more, these 
should be eliminated.  On a particularly ‘bad’ day, stoppages and removals may 
cause correlation to fail, but on these days most other forms of product following 
would probably fail as well. 
 
One concern with the correlation approach is that ‘coincidences’ may occur, causing 
false peaks to be taken as the product change time.  The extent of these coincidences 
is not known and would require much more testing to determine.  Using other data 
such as that discussed in Section 6.5 should eliminate this. 
 
6.5  Post-Production Logical Processing 
This is the approach where data is read in from the log files and processed according 
to a logical set of rules that are defined according to the behaviour of the actual 
baking process.  For example, when a product is produced at the divider, its 
estimated time at the prover is calculated.  The gaps at the prover are monitored 
around this estimated time until a gap that looks approximately like the expected one 
arrives.  This is then regarded as the product change. 
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This method is open to some errors because not every action in the bakery is 
monitored.  If product is removed from the conveyor or if a stoppage occurs that is 
not sensed, errors in the calculations will occur. 
 
6.5.1 Deterministic and Non-Deterministic Events 
Events in the bakery may be divided into two categories - deterministic and non-
deterministic.  The deterministic events follow a logical pattern, or may be easily 
sensed to show how bread is flowing through the system.  For example, the oven, 
prover and cooler are all deterministic, because a shelf movement may easily be 
sensed, so the position of a loaf of bread in the oven may accurately be known (as 
long as the loaf’s precise entry time is known). 
 
Non-deterministic processes are those such as slicers and baggers where there is a 
buffer for the bread, or those processes whose operation is not, or cannot be sensed.  
For example, at the bagger, the throughput rate depends on the skill and speed of the 
operator.  It is very difficult to correlate between a loaf that enters the bagging 
section and the same loaf being weighed at the end of the section. 
 
6.6  Detailed Description of Technique 
The approach taken to attempt to track loaves of bread through the system will now 
be discussed.  As well as tracking, it describes methods used to produce useful 
statistical data from the logged information. 
 
The general approach taken is to follow the ‘gaps’ through the system.  The data is 
processed in the order of production.  So, starting from initial weights, the data is 
processed and some information such as gaps and average product weights etc is 
stored.  Each point in production where data is sensed is called a node.  At each 
node, a new estimated time for the next node(s) is calculated. 
 
Figure 6.7 shows all nodes in the system.  It also includes two extra pieces of data 
that are not classified as nodes.  These are the oven shelf data and prover shelf data. 
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Theoretically, once the tins have entered the prover, that shelf should be able to be 
tracked accurately until it exits the oven using the oven and prover shelf data.  The 
nodes between which, loaves may be tracked accurately and deterministically are 
joined with a dashed line. 
 
 
Figure 6.7: Node diagram of the bakery 
 
Each section above will now be described in greater detail. Since the rules and 
conditions are different for different nodes, each will be discussed separately.  
However there are some general approaches that are common for most nodes.  Many 
of the techniques described are put into practice in macros included with the file 
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‘Product Gap Tracker.xls’ on the accompanying CD. These macros are discussed 
during the description of each node further below. 
 
During development, the system was designed so that calculations at any particular 
node could be omitted, and the data processing would continue.  For example, while 
calculations at Node B, ‘Intermediate Prover’ were not working properly, they could 
be omitted, and the estimated times calculated at Node A would be used for Node C. 
 
The main control sub procedure is named ‘ProductReport’.  It calls all other sub 
procedures. 
 
6.6.1 Node A: Initial Weights 
The initial weight file is the logical place to start processing.  It is read sequentially 
with data being stored for each product. 
 
Data that is obtained from this file is as follows: 
- Product Start Time 
- Product End Time 
- Product Number 
- Gap size at start of product (i.e. the size of the gap between the last loaf of the 
last product and the first loaf of the new product) 
- Average initial loaf weight for each product 
- Standard deviation of weights for each product 
- Number of loaves passed 
- Number of under-weight loaves 
- Estimated times to the other nodes are calculated. 
 
The sub procedure that achieves this is ‘InitialWeights’. 
 
6.6.2 Node B: Intermediate Prover 
There is only a small gap between when the dough is weighed at Node A and when it 
enters the intermediate prover, however this is one area where some interesting 
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events occur.  Sometimes, due to sensing mistakes, two pieces of dough may end up 
in one pocket of the prover.  Usually the operator then removes both loaves. Events 
such as this cause problems with product tracking. 
 
This node has not yet been utilised in the product tracking software.  A sensing 
approach that reliably detects which loaves have entered the prover needs to be 
developed. 
 
6.6.3 Extra 1: Intermediate Prover Shelf Data 
The sensor here senses the movement of shelves in the intermediate prover.  The 
shelf moves whenever it is full of loaves.  Each shelf contains eight loaves. 
 
This sensor is not truly a ‘node’ in the system, but it is more than an ‘extra data’ 
indicator.  The prover moves forward every time 8 loaves have been loaded into it, or 
when it has been sitting still for a specified period.  Combining the shelf movement 
data with the initial weights should then give quite an accurate estimation of when 
loaves will be exiting the prover. This then allows a good estimate of the time that 
the loaves will reach node C, ‘Into Tins’. 
 
A possible reason that the accuracy of estimation to node C may be decreased is 
stoppages in the rolling/shaping section.  If these occur, they will not be able to be 
sensed accurately and the time taken for the loaves to reach node C will be extended, 
or the loaves may not reach the node at all. 
 
This node has not been included in the tracking software at this stage. 
 
6.6.4 Node C: Into Tin 
The sensor here senses each loaf as it enters the tin.  An accurate loaf count may be 
made here, as this is not an optical proximity sensor prone to errors.  It is connected 
to a relay that is part of the production line. 
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The technique used is to recognise the gaps between products when they reach here.  
An estimated time of arrival is known.  This is the quickest time a loaf can get here.  
All gaps are monitored, and the first one that is of the approximately correct size 
after the estimated time of arrival is regarded as the product change gap. 
 
The main problem with this approach is that there is still quite a large margin for 
error. Since the loaf count here is accurate, it too may be used too ensure that the gap 
chosen is the correct one.  That is, once too many loaves have passed, it would be 
certain that the required gap has already passed. 
 
If node B or extra 1 were not in operation, average conditions in the intermediate 
prover may be calculated.  (i.e. temperature and humidity) experienced by loaves in 
the intermediate prover may be calculated. 
 
The sub procedure that achieves this is ‘IntoTins’. 
 
6.6.5 Node D: Prover Loading 
The prover is loaded whenever there is a full compliment of 12 straps ready to enter 
it or when the operator makes it load by pressing a button.  This creates a buffer of 
sorts, since only 6 straps may have reached the prover before a gap occurs.  These 
straps would normally remain until the first 6 straps after the gap have arrived.  This 
causes a processing problem since it ‘blurs’ the gap between varieties.  Figure 6.8 
shows this diagrammatically. 
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Figure 6.8: Mixing up of products at prover entrance 
 
If an operator sees that there is a large gap and there is not a full shelf ready to enter, 
or if he knows there is a product change he will manually start the shelf loader so a 
shelf with less than twelve straps on it will pass through.  Currently there is no sensor 
in place to know how many straps are on a shelf.  A sensor that senses individual 
straps should be installed in the future. 
 
At this node, exact prover entry times are calculated.  Estimates of loaf times at other 
points in the system are also calculated. The sub procedure that uses data from this 
node is ‘ProverEntry’. 
 
6.6.6 Extra 2: Prover Shelf Data 
The three ‘Extra’ data nodes extras 2, 3 and 4 are extremely useful because the extra 
information they give causes the system to be deterministic until the next node.  This 
node is connected to a relay that operates every time the shelves in the prover move. 
 
Slight inaccuracies are sometimes introduced because the shelf may start moving 
then stop for an unknown reason.  Unless the data processing software is conditioned 
for this, it will register as two shelf movements instead of one.  Since this is a very 
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rare occurrence, it was mainly ignored.  However if it is to be eliminated, an 
approach could be taken to ‘filter’ the prover shelf data file so that any entries too 
short to be a full shelf movement are combined. 
 
There are 147 shelves in the prover.  Using the data from Node D, ‘Prover Loading’, 
the loading time is known.  Using this extra information, it is known that once the 
prover has moved forward 147 times, the loaves will be exiting.  Thus, quite an 
accurate estimated exit time may be computed.  The only problem with this is that if 
a ‘false move’ as described above occurs, the shelves will only have moved forward 
146 times.  This should not be a problem since it will mean the oven entry estimated 
time will be a shelf earlier than it should be. 
 
The sub procedure that processes the prover shelf data is ‘ProverShelfStore2’ which 
is called from ‘ProverEntry’. 
 
6.6.7 Node E: Oven Loading 
The oven loading node senses differently to the prover loading node.  This node 
consists of an optical proximity sensor that senses individual straps as they enter the 
oven.  This sensor is sometimes unreliable because it is placed in a position where it 
accumulates dust which can obstruct its view of the loaves if not cleaned often.  It 
may also be falsely tripped if operator’s hands get in the way of it (unlikely). 
 
Using the estimated oven entry times determined at node D (with Extra 2), gaps are 
monitored until the correct one passes.  This is then regarded as the exact oven entry 
time. 
 
Once the exact oven entry times are known, loaf height data from the prover exit 
may be processed to calculate the average height for a product.  Prover conditions 
(temperature and humidity) may also be determined. 
 
Also, since the exact oven entry times for each product are known, oven conditions 
may be calculated.  Currently only the oven set-point is averaged.  A future step 
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would be to use the calculated entry time to produce a loaf-perceived temperature 
plot as discussed in Chapter 5. 
 
The sub procedure that process data from this node is ‘StrapsIntoOven’. 
 
6.6.8 Extra 3: Oven Shelf Data  
This node is similar to Extra 2, ‘Prover Shelf Data’.  It is connected to a relay that 
operates when the shelves in the oven progress.  Thus, each time the relay turns ‘On’, 
it may be assumed that the oven has moved forward a shelf.  This information is used 
along with Node E, ‘Oven Loading’ to reliably predict when the loaves on a 
particular shelf are going to exit the oven. 
 
Problems may occur if the sensor goes ‘On’ twice during one shelf movement since 
this will be recorded as two shelf movements. This is a very rare occurrence however 
and may be ignored. 
 
The sub procedure that processes the shelf data is ‘OvenShelfStore’ which is called 
from ‘StrapsIntoOven’. 
 
6.6.9 Node F: Depanner  
There are currently two sensors being experimented with at this point. 
 
A proximity sensor was originally placed immediately after the loaves exit the 
depanner.  This has worked fairly well, however occasionally at this position, loaves 
are touching or too close together to be sensed separately (see Section 3.1.2).  
Although this does not affect product tracking, it does mean the loaf count is not 
entirely accurate. 
 
A new input that may replace the proximity sensor operates via a relay connected to 
the depanner.  Every time a loaf is depanned, the relay operates.  Currently scan 
times of the PLCs (Section 3.1.2) are not small enough to detect every loaf. 
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Loaves may be tracked accurately through the oven because its movements are 
known according to Extra 2, ‘Oven Shelf Data’. However, the time taken for loaves 
to cover the short distance between the oven exit and this node (F) is quite variable 
because of the depanner.  Occasionally the depanner will jam, causing a stoppage.  
Also, the occasional loaf may not be successfully removed.  An operator may remove 
this loaf and place it back on the assembly line at a later point. 
 
So this short section negates to an extent, the deterministic nature of following loaves 
through the oven.  The answer may lie in adding extra sensors.  A proximity sensor 
could be placed at the oven exit to sense loaves as the exit, however since their exit 
time is known anyway, this should not be needed.  It may also be possible to take a 
digital input from the depanner itself that indicates whether it is operating or not. 
 
Currently, using the estimated oven exit times, gaps are monitored at this node until 
the appropriate gap for a product change appears.  New estimated product times for 
the slicer are calculated here. 
 
The sub procedure that processes data from this node is ‘Depanner’. 
 
6.6.10 Extra 4: Cooler Shelf Data 
This node is similar to extra nodes 2 and 3.  It is connected to a relay that operates 
when the shelves in the cooler progress. Thus, each time the relay turns ‘On’, it may 
be assumed that the cooler has moved forward a shelf.  This information is used 
along with Node F, ‘Depanner’ to reliably predict when the loaves on a particular 
shelf are going to exit the cooler. 
 
See sub procedure ‘CoolerShelfStore’ where the shelf information is loaded into an 
array.  This data is then used in sub ‘Depanner’. 
 
6.6.11 Node G: Cooler Exit 
This node is located after the loaves have exited the cooler and before the conveyor 
splits into two. The node consists of an optical proximity sensor that senses 
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individual loaves.  The loaf count recorded here is not entirely accurate since many 
loaves are too close together to be sensed separately (See Section 3.1.2). 
 
This is the last time the loaves are sensed before entering the conveyor split.  The 
gaps are monitored here and when correct product gaps are sensed, the calculated 
slicer time is the gap time at this node, plus 48 seconds.  This was done, rather than 
observing gaps between loafs at the slicers to eliminate problems caused by having 
the split in the conveyor. 
 
A better way to calculate slicer times in the future would be to have separate 
calculated product times at the cooler exit and the final checkweighers.  This is 
discussed further below. 
 
The sub procedure ‘SlicerTimes’ processes data from this node. 
 
6.6.12 Node H/I: Split Sensors 1 and 2 
There are two nodes located just after the conveyor split.  They are fairly reliable at 
sensing individual loaves.  Using the data from these sensors, it should be possible to 
determine which loaves went down which side of the split in the conveyor.  The 
weight files below may then be resolved into the actual order that the loaves were 
baked in. 
 
6.6.13 Node J/K: Final Weights 1 and 2 
The final nodes are the final checkweighers.  Each of these record weights, times, 
product numbers and Over/Under/Pass messages for the loaves. 
 
6.6.14 Further Discussion 
Several non-deterministic events in this region reduce the accuracy of product 
following. 
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Sometimes overweight loaves may be rejected by the system. Operators often place 
these back on the conveyor so they will go through the checkweigher again.  This 
causes problems because the weight of that loaf will have been recorded twice. 
 
Often, loaves may be rejected here for other reasons such as metal being detected in 
the loaf.  These are then removed either manually by operators or simply 
automatically removed from the conveyor by the nature of the fault.  Since these 
losses are not sensed, calculation errors may be caused when attempting to line up 
loaves exactly. 
 
Notwithstanding the above problems, there are enough loaves to get some basic data 
from. 
 
Final weights may be averaged to produce the average weight loss for the product.  A 
moving average of weight loss may also be determined - for example, an average for 
every 100 loaves.  A few loaves of inaccuracy either way here should not make much 
difference to the result. 
 
Currently, at this node, the calculations done for each product are average weight, 
standard deviation and average weight loss. 
 
The sub procedure ‘FinalWeights’ processes data from these nodes. 
 
6.6.15 Results 
The product tracking software that as been written has demonstrated that the types of 
techniques being discussed definitely have the potential to reliably track products and 
loaves through the bakery.  Much work must be done on the system before it 
becomes completely reliable however. 
 
The effectiveness of the current software may be observed by looking at loaf counts 
at various points through the bakery. These counts are placed in a table in Excel 
when processing is complete.  An example of these results is shown in Figure 6.9. 
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Figure 6.9: Product counts at various points resulting from product tracking 
If product tracking was working perfectly, one would expect to see loaf counts for 
each product that decrease slightly at each section (due to product losses) or remain 
the same.  In reality, product counts at the prover and oven cannot be regarded as 
completely accurate since they are calculated by multiplying the number of straps 
counted by the number of loaves per strap. Since not all tins may have a loaf inside 
them, the recorded count here may be too high. 
 
Also, as can be seen from the total count at the depanner, many less loaves were 
sensed here.  This is due to the scan period of the sensors as discussed earlier. 
 
The loaf counts of the first seven products of the day are charted in Figure 6.10.  
(Note - the product numbers shown in the legend refer to the product number code in 
the initial checkweigher, not the order of production.)  This chart seems to suggest 
that product tracking was working very well for the first two products.  After that, the 
accuracy of the loaf-counts generally decreased as small errors combined and the 
more difficult sections of the bakery were encoutnered. 
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Figure 6.10: Chart of product counts at various points resulting from product tracking 
 
6.6.16 Methods of Improving Results 
To improve on these results, there are several other factors that may be taken into 
account. 
 
Initially, a more modular software approach could be taken. Since the current 
software was developed along with the technique, there are several improvements 
that may be made.  This will be done in the next iteration of product following 
software. 
 
Currently, to detect a product change, the first gap that is in the expected range is 
taken to be the product gap.  The ‘expected range’ was generally set as larger than a 
minute and smaller than 1.35 times the same gap size at the previous section.  The 
‘1.35’ figure was chosen after examining normal gap size changes during production.  
To improve on this, a better approach would be to store all gaps and times at each 
point in the system.  The most likely gap could then be chosen as the product change 
rather than simply the first one that fits the requirements. 
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Additionally, rather than only keeping tracks of the gaps between products, all gaps 
over a certain size should be kept track of. This would be quite difficult due to the 
changeable nature of the gaps, however if it can be achieved, could improve product-
tracking accuracy. 
 
Another way of improving tracking would be to develop more accurate methods of 
counting loaves.  This is especially relevant for the product counts at the prover and 
oven entries and the depanner.  At the prover and oven, a method should be 
developed that counts how many loaves are actually in each strap.  This could 
involve setting up an ultrasonic proximity sensor that measures distance, or using a 
linescan camera device to observe the straps.  This would also determine what type 
of straps were entering the oven/prover (ie 2, 3 or 4 loaf straps). 
 
At the depanner, a digital input is already in place that should be able to sense 
individual loaves, however the scan times of the PLCs need to be decreased to make 
it more accurate (see Section 3.1.2). 
 
6.6.17 Future Possibilities 
Once the exact entry and exit times of products for bakery processes are known, 
these may be stored in a separate file for that day.  When data is to be further 
analysed, macros may be written to access this data and automatically produce plots 
of conditions experienced by the loaves. 
 
This may be further extended to include plotting of specific conditions for individual 
(or small groups) of loaves. 
 
6.7  Real Time Logical Processing  
This method of following products would use approaches similar to those discussed 
in ‘Post-Production Logical Processing’ above.  However the same types of rules are 
applied in real time to data that is currently being registered by the bakery.  This 
makes the processing more complicated, but it should be possible.  Also, the 
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processing would most likely be done directly in Visual Basic instead of via an Excel 
macro. 
 
6.8  Using Pseudo-Random Sequences to Accurately line up 
Loaves  
Lining up initial and final weights so that a loaf-by-loaf calculation of weight loss 
can be done is the ‘holy-grail’ of this project.  The benefits of doing so are discussed 
in Chapter 4.  Loaf by loaf product following has not currently been achieved in a 
commercial bakery setting.  The benefits of doing so are great. 
 
Loaves entering the bakery from the divider do so in the form of a Pseudo-Random 
sequence (using the change in weights (delta-weight) as the pseudo-random 
variable).  At the end of the baking process, it may be possible to line up loaves again 
by looking at this sequence and correlating it with the loaves at the beginning. Before 
correlating, the loaves would have to be lined up as accurately as possible using other 
methods described in this chapter.  After the approximate lining up, smaller groups 
(50 or 100) of final weights would be correlated with initial weights to find a match.  
Once the match is found, individual weight losses may be determined. 
 
Although this all sounds straightforward, there are many difficulties with completing 
this accurately.  These difficulties are discussed here. 
 
6.8.1 Loaf Losses and Order Changes 
During baking, there are often several points in the system where the loaf order 
changes.  In the bakery studied during this project, an order change occurred at the 
exit of the oven/prover section.  Loaves, in straps containing 2, 3 or 4 loaves enter 
the section facing one way and exit facing the other way.  This is not a problem in 
itself, because the final loaf weights may simply be ‘re-ordered’ before doing 
correlation. 
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The main problems occur because of loaves lost during production.  It is difficult to 
sense when a loaf is lost because it may simply involve an operator removing a burnt 
or deformed loaf from the conveyor. 
 
Other times, a loaf may be removed at one point and replaced further on in 
production.  This is quite rare except at the De-panner where a loaf often is not 
removed from the pan.  The operator then removes it by hand and places it on the 
conveyor with another group of loaves.  This problem may be overcome by suitable 
data processing.  If a suitable correlation is found, then the correlation is suddenly 
out by one loaf, it is known that a loaf has been added or lost. 
 
6.8.2 Re-ordering Loaves After Conveyor Split 
An extra problem in realigning weights is caused by conveyor splits. In the Canberra 
bakery, there are two slicers, so at a point before them, the conveyor splits in two and 
there are two final sets of scales.  The two sets of scales do not weigh the loaves in 
the same order as they approached the conveyor split, because there is a ‘buffer’ 
section where loaves wait to be sliced.  So there has to be some method of ‘re-
aligning’ the loaves. 
 
Using proximity sensors to count loaves passing seems to offer the best solution.  
Loaves are sensed just before the conveyor split, then loaves on each branch are 
sensed also.  By using this data, the correct order of loaves may be rebuilt. 
 
There may still be problems with product losses in the slicers and baggers, but these 
may be dealt with as discussed above. 
 
6.8.3 Effect of Unequal Weight Losses Across Oven Shelf 
During baking, all loaves lose weight in the form of moisture. This weight loss is not 
the same for all loaves due to unequal baking across the oven shelf.  This 
phenomenon is discussed further in Section 4.5.1. 
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The variations experienced across the oven shelf may be up to ten grams.  This is an 
estimate from experiences at other bakeries.  This is more than enough to cause 
unreliability in the results of the correlation calculation of final weights. 
 
To overcome this problem, the oven shelf weight loss profile needs to be determined.  
A method of achieving this is discussed in Section 4.5.1.  Once this profile has been 
determined, it may be applied to the final weight data. 
 
To determine exactly where to apply the profile is the next problem.  To place the 
profile exactly across a group of loaves that constitute a shelf would require exact 
loaf-by-loaf product following.  If this type of product following were possible, the 
pseudo-random sequence method of determining weight loss would not be required!  
At best, only an estimate can be made to determine where to place the profile.  This 
should be able to be done quite accurately.  After this, various correlations may be 
done to determine the correct placement. 
 
6.9  Conclusions 
Product following is important if oven control methods are to be improved.  Three 
methods of following loaves through the entire bakery were proposed and tested.   
Post-production logical processing shows the most promise in the short term.  Real 
time logical processing would be ideal to enable information to be used as the loaves 
are being baked.  This was investigated.  Finally, a novel approach to following 
loaves using pseudo-random sequences was proposed. 
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Chapter 7 - Conclusions and Recommendations 
 
This project has identified various shortcomings in large-scale bakery processes and 
introduced new methods of dealing with these. 
 
A complete bakery data acquisition system was developed and implemented.   This 
system gathers data from all parts of the bakery and combines it in one central 
computer. 
 
Methods of product following were developed and appraised with varying degrees of 
success.   
 
Weight loss calculation techniques were developed.  These were tested and 
production reports made available to the production manager at a bakery. 
 
Algorithms and approaches were developed to calculate ‘loaf perceived temperature’ 
through the oven.  Although improvements to this technique must be made, it allows 
the temperature profile for individual loaves to be displayed. 
 
Methods to correlate loaf temperature history and weight loss were discussed. 
 
Daily production reports were automatically produced, using information from the 
whole data acquisition system.  This provides data that has not been previously 
available to the production manager. 
 
To bring these improvements to the production line, various smaller projects, 
focussing on particular areas of the bakery may be defined. 
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7.1  Future Projects 
7.1.1 Weight Processing Software 
Software exists for logging weights from the checkweighers (Ramsey RCCI’s 
‘AutoView’). It also produces various statistics and plots of data however it does not 
combine data from both the beginning and end of production. 
 
A separate project is to produce a software package that collects data from 
checkweighers at the beginning and end of production and collates it.  A product 
database could be maintained on a central PC that includes the product names and 
target weights for the beginning and end of production.  Currently these are stored 
separately on individual checkweighers. 
 
Using the ‘Alignment by Extending Final Weights’ method described in Section 
4.2.2, weight loss reports could be produced for every product, with various plots 
available for display. These could include initial weights (and moving averages) with 
target weights, final weights with target final weights, weight loss with target weight 
loss, product giveaway charts, production costs, rejection charts and possibly others. 
 
This software package would give production managers a great deal of data that is 
currently not available to them. 
 
7.1.2 Product Following 
Product following is one of the most pressing issues to be followed up.  Basic 
methods of following products have been presented in Chapter 6.  It is thought that 
the approach with the most potential would be ‘Real Time Logical Processing’ (see 
Section 6.7).  This is an extension of ‘Post-Production Logical Processing which was 
covered in depth in Section 6.5. 
 
Work on this may be performed as a separate project, simply using sensor inputs to 
determine where products are at certain times. If a reliable system of following 
products can be developed, the way is paved for many other resulting projects. 
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Specifically, oven control relies heavily on product following. Weight loss can only 
be determined accurately and automatically once product following is working 
successfully.  Once accurate weight loss may be reliably produced, oven conditions 
may be linked to this.  Optimum oven conditions may then be developed for different 
products. 
 
Calculating the thermal load of the oven also depends on knowing what products are 
entering the oven and how much they weigh. This can only be done accurately 
through product following. 
 
7.1.3 Bakery Operator Early Warning System 
Once a reliable method of product following has been developed, a logical 
subsequent project is to apply the it in a system that warns bakery operators when a 
new product is approaching. 
 
One specific application is at the end of production where products are bagged.  
Knowing exactly what product is coming and when makes knowing which bags to 
have ready much easier.  This may also be applied to the oven section where the 
operator may be advised when a new product is coming and what temperature to set 
the oven to. 
 
Also, since operators already have specific set-points that the oven should be set to 
for different products, having an indicator of what product is approaching would be 
very useful. 
 
7.1.4 Oven Modelling and Temperature Control 
An important project involves further modelling of the oven.  This is a very 
important project if automatic oven control according to loaf variety/oven load is to 
be applied at a later stage.  The temperature inside the oven needs to be controlled 
more accurately than it currently is.  This could involve both simple mathematical 
modelling to produce an accurate system model.  Thermal flow modelling software 
has made great advances in recent years.  The use of such software will allow 
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accurate modelling of all that is going on inside the oven and allow accurate 
temperature control to be achieved. 
 
This project would not necessarily focus on producing the ideal temperature for a 
particular product.  Before that can be achieved, the oven needs to be able to be 
controlled at a constant temperature during normal operation.  This would need to 
include simple calculations of thermal load depending on the entry of loaves into the 
oven. 
 
The ideal result of this separate project would be an oven that, when set to a certain 
set-point, remains at, or very near to that set-point, for a constant thermal load. 
 
7.1.5 Oven Redesign 
There are many improvements that may be made to the oven itself. The temperatures 
that loaves are experiencing at every point during baking need to be known.  The 
current oven makes this very difficult, as was discussed in Section 5.5. 
 
To enable heat to be better controlled as it flows throughout the oven, one approach 
may be to add more separately controlled zones.  This would enable the temperature 
that loaves experience to be much more closely controlled. 
 
An extension of this project would be to develop custom time-temperature profiles 
(as discussed in Section 5.4) for the loaves.  It is thought that using an optimum loaf 
temperature history energy could be saved and the quality of loaves maximised. 
 
7.1.6 Determining Optimum Baking Conditions 
To successfully control the baking process, the required oven conditions must be 
known.  If a method of automatically controlling the oven is applied, neural 
networking methods may be used to develop optimal baking conditions.  Records of 
baking conditions, proving conditions ingredients and loaf quality (in terms of 
weight loss and other values) would be kept automatically by the computer control 
system.  The resulting data would be added to a database, from which methods may 
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be used to calculate optimum values.  This is obviously quite an advanced project 
and a fully installed and proved product following data acquisition system would be 
required. 
 
7.2  Another Approach – Determining Customer Satisfaction 
In addition to weight constraints that must be satisfied, the final characteristics of a 
product must meet the consumer's approval.  In order to determine what consumers 
want, correlation of the final characteristics of a product with consumer acceptability 
should be performed. 
 
Does every consumer want a loaf of bread that is exactly the same shape, colour and 
texture as the next one?  It is more likely that each customer may have an individual 
preference pertaining to a particular type of loaf (i.e. crunchy, doughy, darker or 
lighter brown etc).  The process of determining the qualities of the `ultimate' loaf is 
an exercise involving both marketing and engineering. Objective measurements 
taken from the loaves need to be translated into a set of states to describe the product 
(eg crispness, firmness, and moisture content).  These then need to be related to 
subjective measurements obtained from consumers (eg taste, texture and 
appearance). 
 
To achieve this, a consumer survey program would be commenced. This would 
involve measuring a quality (or qualities) of a loaf as it is being packaged.  For 
example, image processing may be used to produce a coefficient that indicates the 
brownness of a loaf.  This coefficient would be printed on the seal of the loaf.  The 
packaging would have a survey form on it that asks the consumer to give their 
opinions on the loaf in several categories (eg colour, texture and taste).  The 
consumer would be required to include the seal from the loaf when returning the 
survey. The consumer data gathered could then be correlated with actual quantifiable 
loaf qualities. Consumers generally will not return survey forms just to be helpful 
however.  Some sort of reward must be offered to entice the return of surveys.  For 
example, for every 5 forms completed and returned, a free soft toy or loaf of bread 
could be given to that consumer. 
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7.2.1 Quality Variation 
In the end, the aim of controlling a bakery may not be to produce a result where 
every single loaf is identical, meeting exacting standards.  Variation is healthy - to a 
point. Of course certain considerations must be met - such as the weight of the 
loaves. Legally, loaves must satisfy what their label claims their weight is.  But even 
this may be negotiable - underweight loaves, instead of being discarded may be 
labelled as underweight and offered to the consumer at a suitably reduced price.  This 
concept may also be extended to labelling other out-of-specification loaves with their 
characteristics (eg extra crunchy, extra chewy etc.). Marketing techniques may then 
be used to 'sell' their particular features. This means that consumers will still 
purchase the product and be satisfied, which, after all, is the aim at the end of the 
day.  
 
 
 134
Bibliography 
 
Adamczak, T. and J. Kallitsis (1997). Oven Technology to Optimise Product Quality 
and Improve Efficiency. Sydney, BRI Australia Ltd. 
 
Carvalho, M. G. and N. Martins (1992). Mathematical modelling of heat and mass 
transfer in a forced convection baking oven. ASME/AIChE 1992 National 
Heat Transfer Conference, San Diego, California, USA. 
 
De Cindio, B. and S. Correra (1995). "Mathematical Modelling of Leavened Cereal 
Goods." Journal of Food Engineering 24: 379-403. 
 
Fahloul, D., G. Trystram, et al. (1994). "Modelling Heat and Mass Transfer in Band 
Oven Biscuit Baking." Lebensmittel-Wissenschaft und Technologie 27: 119-
124. 
 
Kim, K. M. and J. K. Chun (1997). "Video image analysis of bread during baking." 
ENGINEERING AND FOOD AT ICEF 2: 65-67. 
 
Kim, S. and S. I. Cho (1997). Neural network modeling and fuzzy control simulation 
for bread-baking process. Transactions of the ASAE, ASAE St. Joseph MI 
USA. 
 
Kleinbaum, D. G., L. L. Kupper, et al. (1998). Applied Regression Analysis and 
Other Multivariate Methods. Pacific Grove, USA, Brooks/Cole Publishing 
Company. 
 
Pyler, E. J. (1988). Baking Science and Technology, Sosland Publishing Co. 
Merriam, KS. 
 
Sapirstein, H. D. (1995). "Quality Control in Commercial Baking: Machine Vision 
Inspection of Crumb Grain in Bread and Cake Products." ASAE 
PUBLICATION: 23-33. 
 
Schultz, B. J., J. Billingsley, et al. (2000). The Mechatronic Bakery. Mechatronics 
and Machine Vision. J. Billingsley. Hertfordshire, Research Studies Press 
Ltd: 105-112. 
 
Thordvaldsson, K. and C. Skjöldebrand (1998). "Water Diffusion in Bread During 
Baking." The Swedish Institute for Food and Biotechnology: 658-663. 
 
Varma, A. K. (1998). Integrated Control and Optimisation System - Hardware and 
Software. School of Mechatronic, Computer and Electrical Engineering. 
Sydney, University of Western Sydney: 189. 
 
Wang, J. and G. D. Coles (1997). Objective Determination of Bread Crumb Visual 
Texture by Image Analysis. International wheat quality conference, 
Manhattan, KS, Grain Industry Alliance. 
 
 135
Wide, P., (1995). "The knowledge based sensor system - a novel measurement 
approach.", Proc. IEEE Instrumentation & Measurement Technology 
Conference, pp 632-637, Boston, USA 
 
Zanoni, B., C. Peri, et al. (1997). "A computer model of bread baking control and 
optimization." ENGINEERING AND FOOD AT ICEF 2: 13-16. 
 
Zanoni, B., S. Pierucci, et al. (1994). "Study of the bread baking process - II. 
Mathematical modelling." Journal of Food Engineering 23(3): 321-336. 
 
Zayas, I. Y. and O. K. Chung (1996). "Application of Machine Vision to Pup Loaf 
Evaluation." Proceedings of SPIE - The International Society for Optical 
Engineering 2907: 241-252. 
 
Zayas, I. Y. and O. K. Chung (1997). Digital Imaging for Bread Assessment. 
International wheat quality conference, Manhattan, KS, Grain Industry 
Alliance; 1997. 
 
 136
Appendix A:  General Logging Details for the Product 
Performance Indicator Software Package 
 
This appendix describes how data is logged from the Product Performance Indicator 
software. 
 
All values are logged in default folders under the ‘D:\PPILOG\dd_mm_yyyy’ 
directory, where dd - date, mm - month and yyyy - year (eg 
‘D:\PPILOG\26_06_2000’).  The ‘D:\ PPILOG’ part is able to be set manually in the 
options screen however.  The values are logged with an accuracy of 0.1 seconds. 
 
A.1  Loaf Weights 
Checkweighers installed at the bakery output product weights automatically as 
ASCII text.  The PPI captures the text and decodes it to display weight, product 
number and whether the loaf was overweight, underweight or passable. 
 
The PPI can take inputs from 3 separate checkweighers on separately configurable 
serial ports. Serial ports may be configured from the ‘Options’ screen. 
 
 
Filename W_c.csv 
What it logs The weights, product number and Over/Under/Pass of loaves.   
c - The Checkweigher Number (0,1 or 2) 
Typical Entry “09:38:8.9”, 460, “P”, 1, 16, 7.472, “467.0”, “462.4”, “10.4” 
What the entry 
means 
- “09:38:8.9” is the time. 
- 460 is the weight in grams (if a ‘-1’ is logged, it means 
that a loaf with metal in it was detected.) 
- P specifies Over (O), Under (U) or Pass (P). 
- 1 is the product number.  
- 16 is the production rate in loaves per minute. 
- 7.472 is the load rate in kg per min. 
- “467.0” is the average weight in grams. 
- “462.4” is the average weight for this product. 
- “10.4” is the standard deviation for this product. 
 
Production rate, load rate and average weight are calculated using the last minutes 
worth of data.  If no weights are being received, the screen is updated every 5 
seconds, and the updated production rate and load rate are logged in “WGap_0.csv” 
 
A.2  Loaf/Tin Counting (Proximity Sensors) and Relay 
Sensors 
Proximity sensors are placed at various points around the bakery.  These sense the 
passing of loaves or tins.  Some sensors are also placed in positions that sense the 
passing of shelves into the oven. The count of each sensor is logged and displayed. 
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Filename Sx.csv 
What it logs Digital input operation 
Typical Entry “08:01:40.4” 
What the entry 
means 
The time that the input went from ‘Off’ to ‘On’ (0 to 1) 
 
 
A.3  Temperatures and Relative Humidity 
Temperatures of the oven, prover and cooler may be measured using thermocouples 
connected through the DL205 PLC.  The log interval may be altered from a 
minimum of one second to an unlimited maximum. 
 
Filenames are “IntProver.csv” (for the intermediate prover temperatures), 
“Prover.csv” (for the prover temperatures), “Oven.csv” (for the oven temperatures) 
and “Cooler.csv” (for the cooler temperatures. 
 
Filename Cooler.csv 
What it logs Cooler temperatures and relative humidities 
Typical Entry “08:26:6.9”,26.5,30,15.1,69.9 
What the entry 
means 
Time, Temperature 1, Relative Humidity 1, Temperature 2, 
Relative Humidity 2 
 
Filename IntProver.csv 
What it logs Intermediate Prover temperatures and relative humidities 
Typical Entry “13:54:8.2”,25.2,82 
What the entry 
means 
Time, Temperature, Relative Humidity  
 
 
Filename Oven.csv 
What it logs Oven temperatures and oven controller temperatures, setpoints 
and operation. 
Typical Entry “08:41:32.3”, 205.9, 203.5, 273.9, 286, 28.5, 201.7, 236.5, 
224.2, 225.8, 234, 213.8, 237.4, 202.7, 202, 0, 198, 0, 195.9, 
195, 1, 191, 0 
What the entry 
means 
Time, TC 2, TC 3, TC 10, TC 9, Ref, TC 1, TC 4, TC 5, TC 
6, TC 7, TC 8, TC 11, CALTemp0, CALSet0, CALOutStat0, 
CALAlSet0, CALAlStat0, CALTemp1, CALSet1, 
CALOutStat1, CalAlSet1, CALAlStat1(Note:  CAL 0 is in the 
Back zone and CAL 1 is in the Front Zone) (See other 
Appendix for further information on sensor 
locations etc.)  
 
Filename Prover.csv 
What it logs Prover temperatures and humidities 
Typical Entry “10:17:41.5”,41.3,40.8,40,84 
What the entry 
means 
Time, Temperature1, Temperature 2, Humidity 1, Humidity 2 
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All temperatures are in Degrees Celsius and Relative Humidity is expressed as a 
percentage. 
 
A.4  Oven Temperature Controllers 
CAL brand temperature controllers are used at the oven and the prover in the bakery.  
They are connected to the master PC via an RS-485 network using the 
MODBUS/RTU protocol.  The PPI reads several values from these: 
 
- Temperature 
- Normal Set-point (Set-point and Alarm Set-point) 
- Output Status (Low Burner and High Burner) 
 
These values are logged at the same time and in the same file as temperatures from 
the thermocouples.  However, since this file logs only every x seconds, there is also a 
log file which logs the exact time that the state of the burners changed. 
 
Communications options are adjustable via the ‘Options’ screen.  This includes 
setting the address of each controller.  The controllers themselves also need to have 
this address set. 
 
Filename See thermocouple temperatures and also Out_x.csv 
What it logs Oven controller values.  In the filename, x is the controller 
number (i.e. 0 is the Back Zone Controller and 1 is the Front 
Zone Controller) 
Typical Entry “05:12:48.8”,82.3,190,1,186,1 
What the entry 
means 
Time, Temperature (°C), Set-point (°C), Low Burner State, 
Alarm 
Set-point (°C), High Burner State  
 
A.5  Loaf Height 
Loaf height is logged via an ultrasonic proximity sensor connected to an analog input 
module on the PLC.  Setting the ‘Minimum Height Threshold’ and the ‘Conveyor to 
Sensor Distance’ in the ‘Options’ screen configures this sensor. The PPI takes the 
average height for each loaf and logs it.  The sensor is located at the prover exit. 
 
Filename H.csv 
What it logs Loaf height exiting the prover 
Typical Entry “07:51:37.3”,33 
What the entry 
means 
Time, Height (in mm) 
 
The height value logged is an approximate average height for that particular loaf.  
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A.6  Oven and Prover Loading 
This is an advanced logging procedure that is still very much in its development 
stage. Values are logged for the Prover and for the Oven.  Currently, the value 
logged is a fraction of the maximum number of tins that can fit inside.  For example, 
a load value of 0.5 means that it is half full.  (Or half empty, depending on whether 
you are an optimist or a pessimist).  This is not a very accurate indicator of the 
thermal load in the oven however, since loaves that have been in the oven for longer 
offer less of a thermal load than cold loaves entering. 
 
Filename ProverLoad.csv 
What it logs Prover Load 
Typical Entry “08:04:46”,.3655172 
What the entry 
means 
Time, Load 
 
Filename OvenLoad.csv 
What it logs Oven Load 
Typical Entry “09:12:20.7”, .5711806, .7569444, .3854167, 1604, .75, 
.7638889, .2916667, .7083333 
What the entry 
means 
Time, Oven Load, Front Zone Load, Back Zone Load, 
Baketime (Seconds), Zone 1 Load A, Zone 1 Load B, Predicted 
Front Zone Load, Predicted Back Zone Load. 
 
NOTE:  Currently (28/09/00), the final 4 entries above are still being developed.  
Their entries are not to be taken as completely accurate. 
 
A.7  Cooler Shelf Weight 
There is a load cell placed at the cooler that measures the weight of loaves on the 
shelf.  This load is recorded for every shelf. 
 
Filename CoolerShelfWght.csv 
What it logs Cooler shelf weight 
Typical Entry “07:08:3.8”,11.612 
What the entry 
means 
Time, Weight (kg) 
 
A.8  Image and Video Capture 
Images are captured approximately every five minutes (configurable) during 
production and whenever the manual image capture button is pressed.  Video may 
also be captured manually.  The images are stored in .jpg format.  The video is stored 
as an AVI file. 
 
The captured image filename is ‘\Images\hh_mm_sspic.jpg’ where the image is 
captured at the time ‘hh_mm_ss’. 
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The captured video filename is \Images\hh_mm_ssvid.avi where the file was finished 
being captured at the time ‘hh_mm_ss’. 
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Appendix B:  Bakery Process Photos 
 
This appendix consists of various photos of bakery processes that were not included 
in other parts of the dissertation.  Note that these photos are included in full colour in 
the accompanying CDROM. 
B.1  Mixing/Dividing 
 
 
Figure B.1: Checkweigher after Mixer, Divider and Rounder 
 
 
Figure B.2: Divider checkweigher from behind, showing dough entering conveyor from roller. 
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B.2  Intermediate Prover 
 
 
Figure B.3: The Intermediate Prover 
 
B.3  Rolling/Shaping and Into Tins 
 
 
Figure B.4: Dough rolling and shaping section 
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Figure B.5: Rolled dough is ‘twisted’ 
 
 
Figure B.6: Into Tins 
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B.4  Prover 
 
 
Figure B.7: Conveyor towards prover 
 
 
 
Figure B.8: Tins entering prover loading section 
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Figure B.9: Prover/Oven control panel with prover in background 
 
 
 
 
Figure B.10: Tins exiting prover 
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B.5  Oven 
 
 
 
Figure B.11: Oven entry and exit section 
 
 
 
Figure B.12: Tins exiting oven 
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Figure B.13: Tins exiting oven and moving onto conveyor 
 
B.6  De-panner 
 
 
Figure B.14: Tins approaching depanner 
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Figure B.15: Loaves exiting depanner (tins are on conveyor below 
 
B.7  Cooler 
 
 
Figure B.16: Cooler loading arm in operation 
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Figure B.17: View of shelves inside cooler 
 
B.8  Conveyor Split and Slicers 
 
 
Figure B.18: Conveyor split 
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Figure B.19: Loaves cornering after conveyor split 
 
 
 
 
Figure B.20: Slicer Entrance 
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Figure B.21: Final Checkweigher 
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Appendix C:  Product Performance Indicator Screen 
Captures 
 
Included here are screen captures of the PPI software.  For larger, full colour images, 
see the accompanying CDROM. 
C.1  Bakery at a Glance 
 
 
Figure C.22: “Bakery at a Glance” screen 
This screen is the main screen for the PPI, showing information from around the 
whole bakery.  The production manager may use it to gain an overall view of what is 
going on around the bakery.  Information displayed is fairly self explanatory from 
the screen capture.  For more information on specific items, see the ‘Data Display’ 
section below.  
 
This screen also includes a button labelled “Print Today’s Report” which may be 
used to start data processing macros that produce reports on the days production. 
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C.2  Data Display 
The following screens display data arriving from various points around the bakery.  
This allows the production manager or engineer to have a more detailed view of 
specific processes. 
 
 
Figure C.23: Oven Temperature controllers 
 
This screen shows the status of the oven temperature controllers.  Information 
displayed is as follows for both the front burner controller and the back burner 
controller. 
- Current oven temperature 
- Current set-point for that controller 
- The status of the normal burner (beside the ‘Set-Point’) 
- The set-point for ‘High Fire’ – the temperature at which more power is sent 
to the burner 
- The status of the ‘High Fire’ burner 
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Figure C.24: Digital Sensors  
 
This tab monitors the state of all the digital sensors in the system (In the frame 
'Digital Inputs').  Additionally, if stoppages are detected at various points, a red circle 
is shown under the 'Bakery Flow' frame.  The number after the red circle indicates 
the number of seconds that the sensor has been inactive for.  
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Figure C.25: Loading 
This tab monitors the oven and prover loading.  Using the digital inputs in the 
previous screen, the percentage of total load of the oven and prover may be 
calculated and displayed.  Additionally, the percentage load in each zone may is 
displayed.  Predicted loads may also be calculated and used to control the oven 
burners in time for changes in the oven load.  This has not been implemented yet 
however. 
 156
 
Figure C.26: Loaf Height 
This tab displays the height of loaves passing through the height sensor (between the 
prover and oven).  ‘Reading’ displays the current reading of the sensor.  This value 
changes very quickly.  ‘Loaf Height’ displays the calculated height for that particular 
loaf.  ‘Av Height’ displays a moving average of loaf heights.  A plot of heights is 
also shown. 
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Figure C.27: PLC View 
This tab displays the two PLCs that have been installed as part of the PPI.  It shows 
the raw values being read by each PLC in real time.  It also shows the status of the 
Ethernet connection to these PLCs.  This is provided as a diagnostic tool for the 
engineer. 
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Figure C.28: Temperature and Humidity 
This screen displays data from all temperature and humidity sensors around the 
bakery.  Again, this screen is provided mainly as a diagnostic tool for the engineer.  
There are two values for each sensor.  The one on the left is the temperature or 
humidity value (in degrees Celsius for temperature and percentage relative humidity 
for humidity).  The value in the grey box on the right is the raw value from the 
sensor. 
 
Also included is the output from the cooler shelf weight load cell (‘Shelf Weight’). 
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Figure C.29: Weights 
This tab displays weight information from the three Checkweighers in the bakery.  
Under the frame ‘Checkweighers’, the raw serial data from the checkweighers is 
displayed.  Additionally, the user may specifiy whether the particular checkweigher 
is enabled and whether to log weights that are classified as being ‘underweight’ (an 
option of interest if not all underweight loaves are rejected due to mechanical 
malfunction).  If a particular setup function is to be sent to the checkweigher, it may 
be entered in the ‘Message to Send’ boxes followed by pressing the ‘Send’ button. 
 
The frame on the right displays the production rates at the divider, each the slicers 
and a combination of the slicers.  The production rate is expressed as an average rate, 
loaves per minute and also kilograms per minute. 
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C.3  Options 
The following screens show various options that may be set in the PPI. 
 
 
Figure C.30: Bakery Flow Warnings 
This tab allows the customisation of the times (in seconds) before stoppage alarms 
will become active in the PPI.  The time may be set separately for the eight sensors 
displayed. 
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Figure C.31: Height 
In this tab the user may set two height settings.  The first is the ‘minimum height 
threshold’, which is the minimum height at which the program will regard the sensor 
as sensing an actual loaf.  The ‘conveyor – sensor distance’ is the distance between 
the conveyor belt and the sensing head, required for calculation of loaf height. 
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Figure C.32: Temperature 
This tab allows the user to alter the interval at which temperatures are logged (in 
seconds).  It also allows the communications options between the PC and the oven 
temperature controllers to be set. 
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Figure C.33: Weight 
In this tab, the user sets the logging directory for all files and also the 
communications options for the three checkweighers. 
 
 
 
 
 
